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Abstract
The development of materials that can stretch while remaining conductive has
generated significant research interest. The push for the development of these materials is
due to their potential for cheaper, more durable electronics with the new functions
(stretchability and healability) and form factors required for the next generation of
wearable and skin-inspired electronics. Polymeric semiconductors have emerged as prime
candidates for the development of these materials, due to their π-delocalized network which
makes them conductive, their synthetic versatility, and their intrinsic mechanical
properties. Furthermore, their ability to be solution processed provides an avenue for
printing, roll-to-roll, and large area solution processing. Though, the combination of
stretchability and good electronic properties has often proven difficult to achieve, given the
apparent competition between mechanical compliance and electrical conductivity.
Consequently, this dissertation focuses on strategies to synthesize novel conjugated
polymers with the ability to maintain good charge transport while being manipulated by
strain, specifically through the incorporation of dynamic interactions.
A review of the recent literate is presented in chapter 1, with a particular focus on
intrinsically/molecularly stretchable and healable conjugated polymers, as well as a brief
overview of other extrinsic methods of imparting stretchability and healability. Following
in chapter 2 is a study of the effect of amide-containing solubilizing sidechains on the selfassembly and electronic properties of diketopyrrolopyrrole (DPP)-based polymers,
emphasizing the maintenance of electronic properties at high percentage incorporation as
compared to other systems that make use of conjugation-break spacers. Chapter 3
investigates the mechanical properties of these materials through characterization of the
thin-film morphology and its relative crystallinity, strain at failure, chain dynamics under
strain, and healability.
Many other systems that make use of noncovalent interactions do so
intermolecularly. Accordingly, in chapter 4, we examine the effect of an electrostatic
nitrogen-sulfur conformational lock directed intramolecularly along the backbone, rather
than intermolecularly between sidechains. Investigation of conformational lock is
particularly interesting because it improves the electronic properties by brining the πVII

orbital network into greater alignment. Chapter 5 presents a comparison of the two modes
of interaction investigated in the previous chapters – intermolecular and intramolecular
bonding. Using the materials in chapter 4 as a starting point, we changed the nitrogensulfur interaction into a stronger intramolecular hydrogen-bonding interaction along the
backbone and compared it to an entirely intermolecular analogue. Finally, chapter 6
presents a conclusion and insights into future work.
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1.1 Background
Few inventions in the 20th century have contributed as much to our technological
world as the transistor. Invented in 1947 at Bell Labs by Bardeen, Brattain, and Shockley,
transistors are the workhorse of electronic circuits and have enabled the continued
miniaturization of devices into smaller and sleeker form factors with increasing efficiency
and capability. This relationship is known as Moore’s Law (named after its observer, and
co-founder of Intel, Gordon E. Moore), and it states that the number of transistors on a
microchip doubles every two years.1 The rapid and exponential increase in transistor
density led to the development of several era-defining commercial products, such as the
personal computer and the smartphone; devices that altered our global culture,
infrastructure, and quality of life, and brought with them the information age. These special
devices have two important functions when incorporated into electronic circuits: to switch
and to amplify signals, and transistors perform these functions through modulating current
flow. Put simply, a voltage applied to one pair of contacts in a transistor controls the flow
at another pair. This simple action is operational in all our modern devices and is at the
core of silicon electronics. However, the number of transistors on a chip is gradually
deviating away from Moore’s Law, and the increase in the number of transistors is reaching
its limit.1 Moreover, the Internet of Things has made it so that devices need not only be
highly efficient, but also diverse in the locations of their implementation, such as on
windows, on paper, and even on our own skin.2 Future electronic devices should therefore
not just focus on increasing transistor density and efficiency, but also work to develop
materials capable of handling these new demands. For this reason, devices will also need
to accommodate more form factors than the traditional flat and rigid platforms they are
currently built upon. As a response to this growing need for more robust devices, organic
electronics have been rapidly developing in both industrial and academic settings.3 Organic
materials were traditionally thought of as insulating, and used as plastics in products such
as packaging, coating, and containers. Organic semiconductors, however, are a class of
organic materials that are conductive due to the overlap of their π-orbitals, allowing for the
delocalization of charge and the propagation of charge carriers. Beginning with the
discovery of conductivity in polyacetylenes by Heeger, MacDiarmid and Shirakawa
(Nobel Prizes in Chemistry, 2000), organic electronics involve materials that are inherently
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easy to tailor, thus permitting functionalities unimaginable before in conventional
electronics.4 Over the convening decades, the device efficiencies for organic field-effect
transistors (OFETs) have grown to become competitive with many devices traditionally
made from silicon. Importantly, the main appeal of organic electronics over their inorganic
counterpart is that of low-cost production through large area and printing methods at lower
temperatures.5 Further still, the greatest asset for organic electronics over silicon, and
salient to this dissertation, are the inherently superior mechanical properties derived from
their flexible carbon backbone.6–8 The highly modular nature of organic semiconductors
allows for precise control of these properties, from solubility and processing, all the way
to self-assembly and ability to transport charge.
There are numerous architectures that are commonly employed for OFETs. The
four most common architectures are bottom-gate, top-contact (BGTC); bottom-gate,
bottom-contact (BGBC); top-gate, top-contact (TGTC); and top-gate, bottom-contact
(TGBC) (Figure 1.1). These geometries can be further classified into staggered (topcontact) and co-planar (bottom-contact) conformations. These classifications refer to the
way charge carriers are injected into the semiconductor. Generally, the staggered geometry
is better for mobility because it produces devices with relatively lower contact resistance.
The entire bottom interface of staggered electrodes is used for charge injection when the
device is operational in a staggered geometry, compared to a co-planar geometry, where
the charge injection can only occur along the contact edges. The difference in these two
modes of charge injection is responsible for the increased contact resistance in co-planar
devices, and the associated decrease in OFET parameter extraction. As such, the BGTC
device architecture is often used in academic laboratories to optimize the performance of
new materials, and for this reason, the type primarily used in this dissertation will be
BGTC. On the other hand, the coplanar BGBC geometry is preferable to staggered/topcontact from an industrial or processing perspective. Because semiconductor deposition is
the final step, the organic semiconductor layer is less likely to be damaged by the other
processing conditions. Importantly, this architecture avoids damaging the semiconductor
layer through harsher techniques for electrode deposition and lends itself to large area and
roll-to-roll

printing.5
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Figure 1.1: Common architectures for OFETs, showing bottom-gate, top-contact (top left),
top-gate, top-contact (bottom left), bottom-gate, bottom-contact (top right), and top-gate,
bottom-contact (bottom right)

A transistor is turned “on” by applying a bias to the gate electrode. The polarity of
the bias will determine the majority charge carrier that accumulates in the semiconductor.
For instance, in the case of the p-type conjugated polymers designed and prepared in this
dissertation, a negative bias is applied to the gate electrode. This causes the dielectric to
become

polarized,

gathering

positive

charge

carriers

(holes)

to

the

semiconductor/dielectric interface (Figure 1.2). Upon application of a negative potential
difference to the electrodes, holes are injected from the positive source terminal and swept
to the negative drain terminal. Once current flows in the device, and a conduction path has
been formed, the transistor is considered “ON”.

Figure 1.2: Standard OFET operation of a bottom-gate, top-contact OFET in the “OFF” state (left)
and transporting holes as the major charge carrier in the “ON” state (right).
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There are two curves from which we determine the electronic properties of a
particular OFET: the output curve, where the source-gate voltage, VGS, is kept constant,
and the source-drain voltage, VDS, is swept while measuring the current at the drain, ID, at
increasing intervals of VGS, and the transfer curve, where the VDS is kept constant, and the
VGS is swept while measuring the current at the drain. The current that flows between the
source and drain electrodes follows Ohm’s Law, i.e., the current, IDS, is proportional to the
drain voltage, VDS. At low voltages, this is referred to as the “linear regime” and can be
observed in the output curve of typical a transistor (Figure 1.3a). As VDS increases and
approaches the fixed VGS value, the potential between the drain and gate approaches zero,
and the channel is “pinched-off”. Once this occurs, the current no longer follows Ohm’s
law, becomes independent of VDS, and enters the “saturation regime”. OFET parameter
extraction is typically extrapolated from the transfer curve (Figure 1.3b) while devices are
operating in this regime since it is less affected by contact resistance created by mismatch
between the electrodes and the semiconductor.

Figure 1.3: Sample transfer and output curves showing (a) the saturation and linear regime of the
output curve, and (b) the “ON” and “OFF” state of the transfer curve.

There are numerous figures of merit associated with OFET parameter extraction.
The most important ones are the charge carrier mobility (μ), the threshold voltage (Vth),
and the ON/OFF current ratio (ION/OFF). The charge carrier mobility is a parameter that
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quantifies the speed of charge carriers through the semiconducting layer in an electric field
potential and is measured in cm2/Vs. While in the saturation regime, linear fitting of the
square root of the transfer curve and inputting the slope into the equation μsat = 2L/CW
(δ(ID)1/2/δVG)2 provides the saturation mobility. The threshold voltage quantifies the gate
voltage at which a conduction path is formed in the semiconductor between the source and
drain electrodes and is negatively affected by the presence of impurities that can act as
charge traps at the dielectric/semiconductor interface. It is calculated through extrapolation
of the x-intercept derived from the linear fitting to calculate the mobility. Finally, the on/off
current ratio is a measure of device resolution. Transistors possess a baseline “OFF” current
that occurs between the source and drain electrodes at gate voltages that precede the
threshold voltage when they are still in the “OFF” state. It is calculated by dividing the
highest current measured in the device by the lowest current measured by the device before
it has been turned “ON”. The greater the difference between current in this “OFF” state
and current produced when the device is in the “ON” state, the better the transistor can
perform as a switch in logic circuits. Thus, a high μ, a high ION/OFF and a low VTH are highly
valued qualities for OFETs.
Organic electronics have come a long way since the discovery of the
semiconducting properties of conjugated materials. Initial investigations of the electronic
properties of organic semiconductors showcased materials with charge carrier mobilities
in the range of 10-4 cm2/Vs. Since then, modern organic semiconductors have grown to
rival and even surpass amorphous silicon, with charge career mobilities reaching as high
as 101 cm2/Vs (Figure 1.4).9 Though, with current technologies no longer able to keep-up
with Moore’s Law, the goal of future and next generation electronics is not necessarily
faster processing power, but greater incorporation into a wider range of substrates. If we
can develop organic semiconductors with electronic properties that match (or even exceed)
amorphous silicon, then we can supplant amorphous silicon with organic semiconductors
and attain the added benefits of low cost processability and modular mechanical properties.
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Figure 1.4: Scale of the charge transport ability of conjugated, organic materials and inorganic
materials, and their relation to one another

1.2 Introduction to Stretchable Electronics
Technology plays a very important role in society. It transforms our lifestyles, is an
important engine for economic growth, and an important driving force for research and
innovation. In the coming years, the next revolution is expected to come from new types
of electronics that will reconstruct the fundamental interaction between people and
technology.3,10,11 The rise of wearable and flexible electronics has already begun to
transform the way we interact with technology and has stimulated the development of new
cutting-edge devices for applications in diverse areas, including communication,
entertainment, and medical science. In contrast to flexibility, which is the property of a
material (or system) to withstand bending deformation and cylindrical/conical form
factors, stretchability includes and enables deformation under tensile and compressive
modes. Currently, most electronics use silicon as the semiconducting layer due to its
outstanding electronic properties. Unfortunately, rigidity of silicon and the associated low
tolerance to mechanical stress limit the development of flexible and stretchable electronic
technologies with silicon-based devices. Fortunately, this represents a remarkable
opportunity for materials chemists to develop novel materials with improved charge
transport and mechanical compliance. For electronics and related technologies, mechanical
endurance is now required for many new applications such as wearable electronics and
sensors.12 Organic electronics not only fulfill this requirement but are also easily processed
from solution over large areas potentially resulting in low fabrication costs.5,13
7

A major challenge in achieving stretchable semiconducting polymers arises directly
from the competition between electronic and mechanical properties, which are heavily
dependent on the solid-state morphology. As well-described by Salleo et al. in 2013,
multiple morphologies and microstructures co-exist and can be achieved in a solid-state
conjugated polymer network.14 Since the speed of charge transport is rate-limited through
a charge-hopping mechanism, the conjugated backbones must be near each other to
promote an optimal orbital alignment and thus, an efficient charge delocalization (Figure
1.1a).15 However, this rigid and highly ordered morphology, favored by the strong π
stacking between the polymer chains, is suboptimal for mechanical compliance and strain
endurance by preventing chain rearrangement and other mechanisms to dissipate energy
under stress. In contrast, optimal mechanical properties require a more amorphous
morphology, which enables the free movement of the polymer chains under tension/strain
(Figure 1.1b). Therefore, the ideal solid-state morphology, allowing for both good charge
transport and mechanical compliance, can be achieved when semi-crystalline domains are
connected by amorphous phases, as indicated in Figure 1.1c. To achieve the ideal solidstate morphology that can tolerate various stimuli (strain, pressure, bending, etc.) while
maintaining good charge transport properties, innovative design strategies are currently
being investigated for conjugated polymers.
These next pages survey the latest strategies developed toward intrinsically
stretchable and self-healing polymers as well as briefly comparing approaches toward
extrinsic stretchability in other systems. Among the strategies described, supramolecular
interactions and dynamic bonds as strain releasing and self-healing mechanisms will be
particularly emphasized. Additionally, different approaches used to control the aggregation
and reduce the glass transition temperature (Tg) of conjugated polymers will be described.
Finally, throughout the next pages, the utilization of the new semiconducting materials for
field-effect transistors (FETs) and entirely stretchable devices will be covered to highlight
applications in stretchable organic electronics. Even though significant progress has been
achieved in the development of stretchable electronic components for FET devices, e.g.
stretchable conductors,16,17 stretchable substrates,5,18 and stretchable electrodes,19–21 the
design of stretchable semiconductors remains an important challenge in the field of organic
electronics.
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Figure 1.5. Microstructure of conjugated polymers thin films. a) Semi-crystalline domains
favorable for charge transport; b) completely amorphous film favorable for mechanical compliance
and c) semi-crystalline disordered aggregates, ideal morphology for balanced electronic and
mechanical properties. Adapted with permission from Ref. 24. Copyright 2013 Nature Publishing
Group.

1.2.1 Intrinsically Stretchable Conjugated Polymers
Currently, most electronic devices are composed of either amorphous or crystalline
silicon. This material, with its unique electronic properties, contributed to major
breakthroughs in several areas such as telecommunications and healthcare. However,
despite these incredible properties, the use of silicon is limited to rigid and brittle
substrates. In addition, devices require several steps of preparation by evaporation and
lithography, which can be complex and expensive. Therefore, the design and conception
of new materials quickly accelerated within the last decade to improve upon some of the
weaknesses of silicon-based materials. Among the candidates for innovative electronics
and developing technology, conjugated polymers represent an important class of materials.
Mainly obtained synthetically, these polymers exhibit good charge transport properties, a
design that can be easily modified, and a good solubility in organic solvents, thus allowing
for thin-film processing by ink-jet printing and roll-to-roll techniques. However, as
explained above, these polymers are flexible, but not intrinsically stretchable. As such,
several investigations have recently been carried out to increase the stretchability of
9

conjugated polymers and to better understand the close relationships between structure
design, performance, and mechanical properties.
Conjugated polymers can be designed and modified through side-chain and πconjugated backbone engineering.22–24 In fact, both design elements have an important
effect on the final properties of the materials by modulating and influencing several key
factors for electronic and mechanical properties such as backbone planarity, lamellar
spacing, π-stacking distances, crystallinity, glass transition temperature, chain alignment,
interchain interactions, etc. Therefore, much research concerning the design of conjugated
polymers that are inherently stretchable relies on the engineering of the solubilizing chains
and π-conjugated skeleton.

1.2.1.1 Stretchable Conjugated Polymers by Backbone Engineering and Random
Segmentation
Among the large library of conjugated polymers available as the semiconducting
layer in stretchable devices, very few structures were reported that possess favourable
mechanical properties, i.e., high crack-onset strain, low elastic modulus and high ductility,
which depend directly on the backbone and side-chains structure, polymer molecular
weight and polymer chain length dispersity.25,26 These parameters are very important to
control in order to maximize the stretchability of conjugated materials and their
performance in organic electronics. Recently, Bao et al. highlighted the fundamental
difference between high charge mobility semiconducting polymers used for thin-film
transistors via the development of a new testing strategy by soft lamination (Figure 1.2a).27
This innovative strategy, based on the lamination of conjugated polymers onto stretchable
polydimethylsiloxane (PDMS), allowed for the direct evaluation of the crack-onset strain
of

diketopyrropyrrole-based

(DPP)

and

isoindigo-based

polymers

by

various

characterizations performed directly on stretched thin films. Specifically, they
demonstrated that DPP-based polymers possess a very high crystallinity that is well-suited
to achieve good charge transport. However, these polymers also exhibited very low
stretchability, as observed by the formation of significantly large cracks in thin-films at
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low strain. In contrast, isoindigo-based polymers, having long branched alkyl chains, had
improved innate stretchability and maintained their charge transport characteristics even at
100% strain (Figure 1.2b). This work clearly demonstrated that the intrinsic properties of
the semiconducting polymers, such as the presence of fused or isolated rings in the main
chain as well as long alkyl chain at the periphery, directly affect the bulk stretchability of
the materials. Interestingly, both π-conjugated polymers exhibited an adequate robustness
to multiple stretching cycles at 5% and 20% strain (Figure 1.2c).

b

c

Figure 1.6. a) Soft-contact lamination technique developed by Bao et al. to investigate the
stretchability of DPP and isoindigo-based conjugated polymers in field-effect transistors (FETs);
b) Charge mobility PTDPPTFT4 and PII2T in function of the strain applied and c) Mechanical
robustness of FETs for 200 strain/release of the strain cycles at 5 and 20% strain. Adapted with
permission from Ref. 37. Copyright 2014 American Chemical Society.
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Recently, Luscombe et al. reported the preparation of an indacenodithiophenebased semiconducting polymer with high ductility, which is another critical example of the
importance of the polymer structure to the mechanical properties.28 It was noted that the
polymer, depicted in Figure 1.3, showed a low elastic modulus of 200 MPa (determined by
the buckling wavelength method) and a high crack-onset strain of 40%.29 Upon stretching,
the polymer maintained a decent charge mobility of 2 x 10-3 cm2/V·s. The enhanced
mechanical properties of this family of conjugated polymers were attributed to the high
amorphous content due to the kinked conformation of the backbone. Moreover, the
presence of multiple fused rings also reduced the conformational changes upon processing,
which directly affects the solid-state morphology.

Figure 1.7. Indacenodithiophene-based semiconducting polymer with high ductility due to a kinked
3D conformation of the π-conjugated backbone. Adapted with permission from Ref. 38. Copyright
2017 Royal Society of Chemistry.

Among the different strategies used to control and enhance the mechanical
compliance of organic semiconducting polymers, the incorporation of flexible blocks into
the conjugated backbone is an attractive method to reduce the glass transition temperature
(Tg) of the polymers and decrease the crystallinity in the solid-state. Based on this strategy,
Stingelin-Stutzmann et al. reported in 2007 the synthesis of diblock copolymers prepared
from rigid poly(3-hexylthiophene) and polyethylene segments, containing various ratios of
12

the soft and rigid blocks.30 The pure P3HT polymer showed a low fracture at 13% strain,
however, by incorporating soft polyethylene blocks, the new materials showed a maximum
elongation of over 900% before rupture. Furthermore, at only 35 wt% of P3HT
incorporated in the polymer backbone, the materials showed an impressive mechanical
compliance (maximum elongation at 600%) while exhibiting a hole mobility of 0.05
cm2/V·s, which is comparable to values reported for pure P3HT. This result suggests that,
despite incorporating a significant amount of insulating material, the conjugated backbone
can still be ordered enough to allow for charge hopping and transport in the polymer
network. Utilizing a similar approach, Mei et al. reported the incorporation of conjugationbreak spacers to diketopyrrolopyrrole (DPP) based polymers.31 The spacer was designed
to break the π-conjugation within the backbone, thus decreasing the crystallinity and
lowering the backbone Tg. As indicated in Figure 1.4, this conjugation-break spacer (C3
spacer), when incorporated at different ratios (from 0 mol% to 100 mol%), allowed for the
tensile modulus of the polymer to be reduced without drastically affecting charge mobility
in FETs (0.91 cm2/V·s at 30 mol% and 3.5 cm2/V·s at 0 mol% of conjugation-break spacer)
and conversion efficiency when used in organic solar cells (1.87% at 50 mol% and 2.18%
at 0 mol% of conjugation-break spacer). Introduced randomly across the polymer backbone
through Stille polymerization, this approach has the advantage of being versatile while not
drastically affecting the surface energy and processability of the resulting polymers.32

Fully flexible

Figure 1.8. DPP-based polymers incorporating non-conjugated conjugation break spacers. Adapted
with permission from Ref. 41. Copyright 2015 American Chemical Society.
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Segmentation with flexible amorphous blocks not only reduces the Tg and
crystallinity in thin films, but also significantly reduces the conjugation within the polymer
backbone, which negatively impacts the electronic properties of the semiconductor. To
circumvent this important drawback, Lipomi et al. utilized an elegant strategy to randomly
incorporate different rigid blocks into DPP-based polymers.33 Specifically, bithiophene
moieties bearing alkyl chains (2T) were randomly dispersed within a DPP-thiophene block
copolymer (PDPP2FT), as depicted in Figure 1.5a. Interestingly, the random segmentation
with rigid 2T block reduced the tensile modulus of the materials to 0.93 GPa for the
segmented polymer in comparison to 2.17 GPa for PDPP2FT, which was determined by
the buckling-based metrology (Figure 1.5b). This improvement of the mechanical
compliance was attributed to the incorporation of long, ductile alkyl chains, which lowered
the backbone Tg. Moreover, the random segmentation reduced the overall crystallinity,
which was shown to be highly beneficial for the mechanical compliance as well.
Additionally, the organic solar cells built from the new segmented polymer maintained a
conversion efficiency of 2.8% in comparison to 2.5% for PDPP2FT. The authors also
utilized a similar strategy with different poly-3-alkylthiophenes (P3AT) polymers to
control the moduli and increase the mechanical compliance of this widely studied
polymer.34 The variation in alkyl chain length in polythiophenes, and the random
incorporation of thiophene monomers with various alkyl chain lengths in the conjugated
backbone, significantly affected the ductility and fatigue resistance of polyalkylthiophenes.
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a

b

Figure 1.9. a) Random segmentation of DPP-based polymers with thiophene (T) and 3,3’-dihexyl2,2’-bithiophene (2T) towards alternated random copolymer PDPP2FT-seg-2T and b) effect of the
segmentation on tensile modulus. Adapted with permission from Ref. 43. Copyright 2014 Royal
Society of Chemistry.

Table 1.1. Comparison between key stretchable conjugated polymers designed by
backbone engineering
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1.2.1.2 Stretchable Conjugated Polymers by Solubilizing Sidechain Engineering
Solubilizing sidechains are required to render the conjugated polymer backbone
soluble by decreasing the intermolecular π stacking interactions between the polymer chain
and by increasing the degrees of freedom of the chains.35 As demonstrated for poly-3alkylthiophene, the ductility and stretchability of the polymers depends on the length and
size of the side-chains incorporated for solubility and processability. An important
investigation of the role of flexible side-chains on the stretchability of conjugated polymers
has been performed by Lipomi et al. on polythiophenes bearing different alkyl chains (from
butyl to dodecyl).36,37 The authors observed that a simple change in length of the alkyl
chains can induce a marked reduction of the tensile moduli. For example, when dodecyl
sidechains were incorporated on polythiophenes, a tensile modulus of 0.09 GPa was
calculated, which is a drastic reduction in comparison to 2.08 GPa for polybutylthiophenes.
In addition to the size and shape of the solubilizing sidechains, their nature also
directly influences the thermal and mechanical properties of the conjugated polymer.
Among the different possibilities, siloxane-derived side-chains showed great promise to
enhance the stretchability of conjugated polymers.38,39 Siloxanes are characterized by low
viscosity and high flexibility, which is due to longer Si–O bonds and low energy barrier
torsional rotations, which decrease the intermolecular interactions and allow for additional
degrees of freedom as compared to their carbon-based saturated counterparts. Chen et al.
in 2016 reported the synthesis of isoindigo-bithiophene based polymers possessing
carbosilane side chains with varying branching points.40 Employment of these bulky side
chains led to a more organized solid-state packing (improved transistor performance) and
enhanced mechanical properties. Also, variation of the carbon spacer between the
polymeric core and carbosilane end-groups resulted in an increased lamellar spacing
distance and closer π-stacking distances. As a result, PII2T-C8 (with 8 carbon spacer)
showed a very high average hole mobility of 5.56 cm2/V·s, which is among the best
mobilities reported so far for this type of conjugated polymer. Moreover, the longer
sidechain also resulted in enhanced mechanical properties due to the decrease in Tg. PII2TC6 and PII2T-C8 respectively showed elastic moduli of 0.43 and 0.27 GPa, which are
slightly reduced compared to similar conjugated polymers. In addition, both polymers
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maintained charge transport ability up to 100% strain, with PII2T-C8 sustaining hole
mobility above 1 cm2/V·s up to 60% elongation – in both the parallel and perpendicular
directions. Finally, both polymers demonstrated an important robustness towards tensile
strain and maintained their semiconducting performance, even after 400 cycles of
stretching at 60% strain.
Chen and coworkers also reported an approach based on alternating random
copolymers incorporating various amounts of isoindigo monomers bearing soft poly butyl
acrylate (PBA) side-chains (Figure 1.6a).41 As shown on Figures 1.6b-c, incorporation of
soft PBA sidechains progressively reduced the crystallinity of the polymer, as confirmed
by the disappearance of the peak attributed to π-π stacking distance observed in grazing
incidence X-ray diffraction (GIXRD). Furthermore, incorporation of PBA segments
increased the solubility in organic solvents, and significantly reduced the Tg of the polymer.
Incorporation of 5% PBA side chains improved the ductility of the materials, which
showed nanocracks after 20% elongation, in comparison to 10% elongation for its saturated
counterpart. As the percentage of PBA segment increased, the mechanical properties
continued to improve, allowing for crack onset strains of 40% and 60% for PII2T-PBA10
(10% PBA segment) and PII2T-PBA20 (20% PBA segment) polymers respectively (Figure
1.6d). The tensile moduli of polymers also gradually decreased from 0.80 GPa at 0 mol%,
to 0.12 GPa for 20 mol% PBA segments, a value significantly lower than the typical values
for conjugated polymers.
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a

b

c

Figure 1.10. a) Structure of isoindigo-bithiophene polymers incorporating various amounts of PBA
segments; b) out-of-plane 1D X-ray scanning profile and (c) in-plane 1D scanning X-ray profile of
PII2T, PII2T-PBA5, PII2T-PBA10, and PII2T-PBA20 extracted from grazing incidence X-ray
diffraction (GIXRDs) patterns and d) AFM profile of PBA-incorporating polymers at 60% strain.
Adapted with permission from Ref. 51. Copyright 2017 American Chemical Society.

Table 1.2. Comparison between key stretchable conjugated polymers designed by sidechain engineering
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1.3 Approaches to Extrinsically Stretchable Semiconducting Polymers
As described above, intrinsically stretchable conjugated polymers can be achieved
through rational chemical design of the polymer to control the solid-state morphology,
intermolecular interactions, and glass transition temperature. This rational design can be
performed via backbone random segmentation and engineering, and incorporation of low
Tg solubilizing sidechains. The virtues of intrinsically stretchable conjugated polymers
notwithstanding, significant research efforts have been focused on achieving extrinsically
stretchable semiconductors. Common approaches towards extrinsic stretchability in
materials include the fabrication of wavy structures (buckling), Kirigami interconnects, and
serpentine patterns.42–45 Despite being very promising for metals and very rigid materials,
these approaches showed some noteworthy limitations with conjugated polymers due to
their elaborate fabrication and the intrinsic nature of soft conjugated polymers. Therefore,
new approaches to extrinsically stretchable conjugated polymers have begun to appear in
the recent literature. The most important and significant approaches are covered in the
following section.

1.3.1 Soft Elastomer-Conjugated Polymer Blends
One of the simplest approaches to extrinsically stretchable conjugated polymers is
through the blending of the semiconductor with a low Tg soft elastomer. Throughout the
development of stretchable electronics, many combinations of conjugated polymers and
elastomers have been investigated to enhance stretchability. Mainly accomplished through
phase separation, the rigid semiconducting polymer chains become confined within the
stretchable elastomer matrix. One of the first examples used to achieve highly stretchable
semiconducting polymers for FETs applications was reported by Jeong et al. in 2015.46 In
particular, they utilized poly-3-hexylthiophene, which is known to form nanorods at low
temperatures, and blended the semiconducting polymer with a low elastic modulus
elastomer,

namely

polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene

(SEBS). Upon spin-coating of the blended mixture onto a stretchable substrate, in situ
phase separation occurred between the two components, embedding the bundle of P3HT
nanofibrils inside the SEBS matrix. This new semiconducting layer was then directly used
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to fabricate stretchable FETs, which showed a charge mobility of 2 x 10-3 cm2/V·s at 50%
strain. The key step of phase separation was exhaustively characterized by atomic force
microscopy (AFM) to reveal a connected nanofibrillar P3HT network that is responsible
for the conductivity, even when strain is applied. Inspired by this approach, P3HT has also
been used in other blend systems with polydimethylsiloxane (PDMS), polystyrene (PS),
and poly(methylmethacrylate) (PMMA).47–51
Despite significantly improving the mechanical properties of semiconducting
polymers, the charge mobility is limited to the intrinsic field-effect mobility of pristine
materials. Therefore, this approach has also been investigated with more rigid, high charge
mobility polymers. One example, reported by Bazan et al., utilized a blended mixture of
regioregular

poly[4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b’]dithiophen-2yl)-alt-

[1,2,5]thiadiazolo[3,4-c]pyridine] (PCDTPT) and polystyrene (PS), which were solution
deposited on a “nanogrooved” surface for FET fabrication.52 Interestingly, these
nanogrooves, obtained by scratching substrates with diamond lapping film, promoted
molecular order and alignment, which has been shown to be highly beneficial for charge
mobility. Therefore, even at only 10 wt% of PCDTPT in PS, the mixture showed a very
high mobility of 1.9 cm2/V·s. Further investigation by GIXRDs and AFM, indicated that,
even at high concentrations of insulating material, the nanofibrillar structures that result
from phase separation are still aligned and connected, maintaining a charge transport
pathway.
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Figure 1.11. a) Illustration of the nanoconfinement of P(DPPTTT) in stretchable SEBS elastomer
to achieve the so-called CONPHINE films; b) AFM phase images of CONPHINE films with 70
mol% SEBS (top and bottom interfaces) and c) Illustration of the uniform dispersion of the
semiconducting polymers in elastomer (CONPHINE film). Adapted with permission from Ref. 63.
Copyright 2017 American Association for the Advancement of Science.

Another example of this approach has been recently reported by Bao et al., who
used the nanoconfinement of highly efficient DPP-based polymers in stretchable SEBS to
obtain highly stretchable thin films of semiconducting materials with high charge
mobility.53 Having comparable surface energies, DPP-TT and SEBS were utilized by the
authors to develop and test a novel methodology to achieve optimal morphology for
stretchable conjugated materials based on a conjugated polymer/elastomer phase
separation-induced elasticity (so-called CONPHINE)as shown in Figure 1.7a.
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Interestingly, the CONPHINE films showed a uniform dispersion of the semiconductor in
SEBS, as demonstrated by AFM (Figure 1.7b) and represented in Figure 1.7c. The thin
films made from this approach, when used in FETs, demonstrated a very high and stable
charge mobility >1 cm2/V·s. Moreover, the films also demonstrated an adequate robustness
to strain and did not suffer from major degradation after repeated strain cycles. A unique
feature of this approach is its versatility. The CONPHINE strategy is applicable to a wide
variety of DPP and thiophene-based conjugated polymers. In all cases, as presented in
Figure 1.8, the nanoconfinement significantly improved the charge mobility and
stretchability of the polymer films. Finally, the authors have been able to utilize this new
approach for the fabrication of fully stretchable devices that also showed excellent
properties in FETs and high stretchability. The phase separation of DPP-based polymers
with elastomers has also been utilized in flexible devices by blending the semiconducting
polymer with other soft polymers such as polystyrene.54

Figure 1.12. Application of the CONPHINE methodology to different rigid semiconducting
polymers. Mobility is normalized between the neat films and the corresponding CONPHINE films
at 100% strain. Adapted with permission from Ref. 63. Copyright 2017 American Association for
the Advancement of Science.
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1.3.2 Conjugated Polymer Blends
Despite providing access to good charge transport and mechanical compliance,
blending semiconductors with elastomers remains limited due to the significant quantity of
insulating materials required to induce and promote nanoconfinement of the
semiconducting phase in the soft elastomeric matrix. To decrease the amount of insulating
material and achieve an ideal morphology, allowing for both efficient charge transport and
mechanical compliance, recent works have instead opted to use polymer semiconductors
as additive materials in stretchable polymer blends. As previously reported, regiorandom
(RRa) P3HT possesses a certain percentage of head-to-head coupled moieties, leading to a
strong steric hindrance between adjacent monomers.55 These defects reduce the
conjugation length, which results in low field-effect mobility and low crystallinity. In
contrast to RRa-P3HT, regioregular (RR) P3HT possesses an increased crystallinity and
interchain interaction, and thus a higher charge mobility.56 Given that both types of P3HT
possess a similar structure with different morphological properties, both materials are
viable candidates to be combined in a synergistic manner to take advantage of their intrinsic
properties and achieve stretchability. Reichmanis and coworkers reported in 2015, the
fabrication of flexible FETs based on RR-P3HT/RRa-P3HT blend thin films (achieved by
using low-dose UV irradiation).57 Interestingly, RR-P3HT chains are not disrupted by the
addition of RRa-P3HT and the thin film fibrillar morphology can be tuned upon blending
with various amounts of RRa-P3HT, as determined by GIWAXS and AFM experiments.
Using this new type of blended system, the authors fabricated FETs with an average
mobility of 0.158 cm2/V·s (80% RR/RRa P3HT), which can be bent up to 2% without
major degradation of the electronic properties. Moreover, the flexible FETs showed good
air stability upon encapsulation as well as robustness, with no significant loss of mobility
even after 1000 bending cycles at 1.3% strain.
Inspired by these results, O’Connor and coworkers recently reported the utilization
of a similar strategy to achieve stretchability in PCDTPT by blending with P3HT.58 The
blended mixture demonstrated a good chain alignment upon strain, as confirmed by UVvisible spectroscopy experiment showing a constant increase in dichroic ratio upon strain.59
As illustrated in Figure 1.9, this phenomenon was attributed to the direct effect of P3HT
polymers aligning upon strain and preventing the high crystalline PCDTPT domains to
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break. Furthermore, in comparison to a pure P3HT thin film, the PCDTPT/P3HT film
showed an enhanced stretchability with no fracture observed up to 75% strain and good
durability (100 strain cycles between 10% and 75% strain). The charge mobility followed
the same trend in FET devices and remained consistently above 0.15 cm2/V·s in the parallel
direction at 75% strain. This finding highlights the versatility of the polymer semiconductor
blending approach, which has significant potential in stretchable electronics due to its
simplicity and high versatility.

Figure 1.13. Illustration of the alignment mechanism in PCDTPT/P3HT semiconducting polymers
blend. Upon strain, the crystalline and amorphous domains align and dissipate tensile energy to

prevent crack formation. Upon release, the alignment reduces and tearing features narrow.
Adapted from Ref. 68. Copyright 2017 Wiley-VCHWILEY-VCH Verlag GmbH & Co.

1.4 Stretchable Conjugated Polymers via Chains Crosslinking
As previously demonstrated for intrinsically stretchable conjugated polymers, sidechain engineering is an efficient strategy for the control and tuning of solid-state
morphology of conjugated polymers.34,40,41 In order to obtain intrinsically stretchable, high
mobility polymers and eliminate additional processing, Bao et al. reported an elegant
strategy, based on side-chain engineering and cross-linking.60 Polymer cross-linking is a
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well-known strategy for realizing elastomers and prevents sliding between polymer chains.
Interestingly, even though cross-linking of conjugated polymer result in enhanced
brittleness by increasing the elastic modulus, previous studies have shown that this strategy
can also significantly reduce crystallinity and prevent aggregation, which are beneficial for
mechanical compliance.61,62 To verify that concept in conjugated systems, the authors
introduced various amounts of alkene terminated side-chains in DPP-based polymers
(Figure 1.10a). Cross-linking between these moieties was then achieved via hydrosilylation
with H-terminated PDMS oligomer, as illustrated in Figure 1.10b. Interestingly, the
average charge mobility in FETs remained >1 cm2/V·s even after incorporating 40 mol%
of the linear alkene-terminated sidechains. After cross-linking, the polymers showed a
reduced mobility, attributed to the incorporation of the insulating cross-linker. However,
the cross-linked network presented an enhanced molecular alignment upon strain, as
observed through measurements by polarized UV-vis spectroscopy. The cross-linked
polymer was stretched up to 150% strain without any cracks, which is a major improvement
in contrast to the non-cross-linked derivative. Moreover, the cross-linked film showed a
stable μ ≈ 0.4 cm2/V·s up to 500 strain-and-release cycles of 20% strain. These results
demonstrate the efficiency of the cross-linking strategy to induce elasticity and
stretchability in rigid materials.
b
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Figure 1.14. a) DPP-based conjugated random copolymers incorporating alkene-terminated linear
side-chains for cross-linking with PDMS via hydrosilylation reaction and b) Illustration of the
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covalently cross-linked polymer film. Arrows show charge transport direction. Adapted from Ref.
70. Copyright 2016 WILEY-VCH Verlag GmbH & Co.

Table 1.3. Comparison between key stretchable conjugated polymers obtained by other
approaches, including physical blending with elastomers and other conjugated polymers,
and crosslinking.

1.5. Self-Healing of Conjugated Polymers by Dynamic Covalent and Non-Covalent
Bonds
Inspired by human skin and other biological systems that can spontaneously
regenerate themselves after damage, novel and innovative materials that possess selfhealing abilities have been recently designed and utilized for electronic applications. Selfhealing is a broad concept that covers a wide variety of properties.63–65 In general, selfhealing is described as the property of a material to recover (fully or partially) a function
or property lost in an autonomous or non-autonomous manner. Several molecular design
strategies have been used to enable self-healing within materials. Among these, the
encapsulation of repairing agent, activation of self-healing by physical/electrical stimuli,
and the utilization of shape-memory effects showed great potential for self-healing
materials, especially in gels and elastomers.66–68 These materials, due to having a low Tg,
can promote chain reorganization and hence are particularly efficient and interesting for a
wide variety of applications. However, most of the healing strategies require a certain
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treatment, either via thermal or solvent vapor annealing, which limits the utilization and
lifetime of the materials. Moreover, these strategies are difficult to apply to conjugated
polymers, which are processed in thin films and possess an intrinsically high rigidity and
low solubility. With the rise of flexible organic electronics, research focusing on bulk
mechanical properties of conjugated polymers has intensified to increase their
stretchability and overall robustness of organic electronic devices. Therefore, conjugated
materials that can intrinsically self-heal in an autonomous and spontaneous manner are
highly desirable.
To achieve intrinsic self-healing and molecular stretchability in conjugated
polymers, dynamic bonds are of interest to regenerate the damaged conjugated matrix.69–
71

Research has recently focused on the preparation of new materials incorporating such

dynamic bonds to stimulate autonomous and spontaneous self-healing and high
stretchability through bond breakage and reformation, while maintaining good electronic
properties. However, despite the momentum in the field of self-healing materials, only a
few examples applied this concept to conjugated polymers. To the best of our knowledge,
the first example of a self-healing rigid conductive polymer was reported by Bielawski et
al. in 2007 based on the dynamic equilibrium between a monomer species and an
organometallic polymer, controlled via external stimuli.72 A conductive polymer,
composed of N-heterocyclic carbene (NHCs) bearing long alkyl chain and transition metals
was prepared. This type of polymer possesses the unique feature of being formed reversibly
with tunable equilibrium constants, while also enabling electronic communications (Figure
1.11). Upon stress, cracks are formed and propagated through the polymer, disrupting the
conductivity, and enhancing the resistance at the damaged sites. This increased resistance
was directly used to locally heat the polymer, thus regenerating the initial transition metalNHCs bonds and restoring the conductivity. A maximum conductivity of 10-3 S/cm was
achieved with the dynamic organometallic polymers. This electrically driven self-healing
was also an important proof of concept for the utilization of dynamic bonding towards selfhealing rigid conjugated polymers.
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Figure 1.15. Dynamic organometallic polymers based on N-heterocyclic carbene and transition
metals bond formation reported by Bielawski et al.72 The resulting conducting polymer showed
self-healing and restoration of the conductivity upon local heating with electric current that
triggered bond reformation.

One of the only examples of intrinsically stretchable self-healing conjugated
polymers has been recently reported by Bao et al. in 2016.73 Inspired by previous work on
self-healing and highly stretchable elastomers via metal-ligand dynamic interactions, the
authors reported the synthesis of a DPP-based conjugated polymer, namely P(DPPTVT),
incorporating various amounts of a 2,6-pyridine dicarboxamide (PDCA) non-conjugated
block (Figure 1.12a).18 The PDCA motif possesses many intriguing properties such as the
possibility of coordinating metals, and allowing for intramolecular and intermolecular
hydrogen bonding through the non-bonding amides and pyridine.74,75 In addition to the
formation of dynamic bonding between the polymer chains, the non-conjugated PDCA
moieties introduced in the polymer backbone also allowed for a reduced crystallinity,
promoting chain alignment upon strain, thus increasing the molecular stretchability (Figure
1.12b). Upon incorporation of various amounts of nonconjugated PDCA, the polymer still
maintained a high charge mobility value (~0.7 cm2/V·s at 20 mol% of conjugation breaking
units). Moreover, the polymer incorporating 10 mol% of this motif, showed an exceptional
stretchability, maintaining the charge transport up to 120% strain (µ > 1.0 cm2/V·s) and
showing great robustness upon multiple strain cycles at 25%, 50% and 100% strain (Figure
1.12c).
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Figure 1.16. a) Structure of P(DPPTVT) polymers incorporating various amount of 2,6-pyridine
dicarboxamide (PDCA) motifs reported by Bao et al.; b) General mechanism for enhanced
molecular stretchability through partial breakage of crystalline domains, chains alignment and
breakage of intermolecular sacrificial H-bonds and c) Durability of FETs devices based on the
stretchable polymers after 100 cycles of strain perpendicular to the conduction channel. Adapted
with permission from Ref. 83. Copyright 2016 Nature Publishing Group.

Moreover, after being damaged by strain, the polymer recovered its original
morphology and the charge mobility was almost completely restored upon thermal and
solvent annealing treatments (Figure 1.13a). Through multiple characterization techniques
and comparisons with different control polymers, the authors have been able to
demonstrate that the outstanding stretchability and healing properties are due to the lower
elastic modulus and crystallinity, as well as the breakage of sacrificial H-bonds formed
between adjacent PDCA units in the solid-state. Upon release of the strain, these dynamic
bonds can be reformed and regenerated, thereby healing the material, and almost
completely restoring its initial properties. Finally, the new healable conjugated polymers
were used as the semiconductor in fully stretchable transistors, which showed excellent
stretchability and healing behavior (Figure 1.13c).
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Figure 1.17. Self-Healing treatment performed on P(DPPTVT)-PDCA polymers to heal the damage
(nanocracks) and almost completely restore the initial solid-state morphology; b) Charge mobility
of the semiconducting polymers after different healing treatments as evaluated by FETs devices
and c) Structure of a fully stretchable and healable 5x5 FETs array prepared from the self-healing
PDCA-containing semiconducting polymers. Adapted with permission from Ref. 83. Copyright
2016 Nature Publishing Group.

Another example of self-healing conjugated polymers, reported by Hager et al.
utilized a non-catalyzed imine metathesis to trigger the healing of conjugated polymers.76
This type of dynamic bonding, explored since the early 20th century, is based on a reversible
exchange of substituents (aldehyde and amine) to form imine bonds. This bond formation
can be triggered thermally, which is an important advantage for conjugated polymers given
the importance of processability for thin film fabrication. The conjugated polymers, made
of electron-rich and electron-poor thiophenes derivatives connected through imine bonds,
showed a significant degradation of absorption in UV-Vis spectroscopy, mainly due to
photooxidation and photocleavage of the polymers (Figure 1.14). However, upon addition
of new aldehyde/amine monomers and subsequent heating, the polymer backbone can be
regenerated, thus restoring the initial optical properties. Through multiple control
experiments with various derivatives, the authors demonstrated that this self-healing
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mechanism can go through multiple cycles, maintaining a self-healing efficiency of ~30%.
Finally, this work is the first example of self-healing in conjugated polymers that does not
refer to the restoration of mechanical properties after local rupture of the material but
focuses on the healing of optical properties.

Figure 1.18. Self-healing of the optical properties of imine-based conjugated polymers after
photooxidation. Adapted with permission from Ref. 86. Copyright 2017 American Chemical
Society.

Despite being in its infancy, self-healing conjugated polymers have been shown to
be accessible through the current strategies developed with soft elastomers. However, the
intrinsic crystallinity, low solubility and high molecular rigidity make the development of
intrinsically spontaneous self-healing (without external triggers such as temperature or
solvent) conjugated polymers very challenging. Therefore, new methods of processing and
characterization are highly desirable to extend the concept of self-healing to this class of
π-conjugated materials.
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1.6 Objectives of the Thesis
Despite much research focused on extrinsic methods of imparting conjugated
polymers with stretchability, such as through blending with elastomers, amorphous
polymers, and complimentary semiconductors, intrinsically stretchable conjugated
polymers provide the best avenue for low cost and reliable device performance under
mechanical load. The goal of this dissertation is, therefore, the development of intrinsically
stretchable conjugated materials for applications in organic electronics with mechanical
properties that mimic biological tissue – particularly the human epidermis and its capacity
for both elongation and self-repair. The work presented in this dissertation to accomplish
this goal explores the use of dynamic interactions in DPP-based conjugated polymers.
DPP-based polymers are an ideal platform due to their excellent electronic properties,
showing

mobility

values

that

exceed

amorphous

silicon,

and

their

high

biocompatibility.77,78 Specifically, we investigated the use of dynamic and supramolecular
interactions via sidechain and backbone molecular engineering to enhance the mechanical
properties, without compromising the electronic performance, and to provide a vehicle for
self-healing. The primary interaction employed is hydrogen bonding promoted by the
inclusion of amide side chains. We chose amide as the functional group of choice due to
its moderate bonding strength and its synthetic accessibility.
Over the course of this dissertation, the effect these interactions have on the selfassembly of the synthesized materials will be investigated through various techniques,
including optical microscopy, atomic force microscopy (AFM), grazing incidence x-ray
diffraction (GIXRD), and OFET fabrication. In chapter 2, we investigate the viability of
this strategy through a sidechain engineering approach by appending DPP-based polymers
with amide alkyl chains and determine the effects on the optoelectronic properties and the
self-assembly. In chapter 3, we probe the mechanical properties of the materials from
chapter 2 and demonstrate the use of hydrogen bonding to impart molecular stretchability
and healability. Chapter 4 explores the use of an intramolecular nitrogen-sulfur
supramolecular interaction to control the planarity in a backbone engineering approach.
Finally, Chapter 5 compares the benefits of intermolecular and intramolecular hydrogen
bonding modes in conjugated polymers that are saturated with both interactions.
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Ultimately, we sought to develop a rational structure-property relationship and establish
design rules for the synthesis of highly performant and robust conjugated polymers.
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2.1 Introduction
Organic semiconductors, particularly

π-conjugated polymers, are a class of

materials widely utilized for the development of the next generation of flexible, stretchable,
and highly conductive electronic devices.1–3 Among others, semiconducting polymers have
been used as the main component in various electronic devices such as organic field-effect
transistors (OFETs),4–6 organic light-emitting diodes (OLEDs),7–9 and organic solar
cells.10–12 Good charge carrier mobility, mechanical compliance and large-scale
processability through solution-based deposition techniques make these materials
particularly attractive in comparison to their inorganic counterparts.13,14 Through the years,
various molecular designs have been developed to tune the charge carrier mobility of
conjugated polymers by influencing different structural parameters such as

π-

delocalization, lamellar 2D packing and backbone planarity.15,16 Among the different
strategies previously reported, sidechain engineering has shown promising results for
improving the electronic properties of conjugated systems through the modification and
investigation of branching point positions, steric hindrance and nature of the sidechains.17–
19

As an example, Bao et al. reported the incorporation of long and bulky siloxane side-

chains to an isoindigo-based polymer, which significantly increased the π overlap in the
conjugated network and boosted the hole mobility up to 2 cm2/V·s.20 In 2013, Kim et al.
introduced a bulky alkyl chain, branched at the C6 position, on a diketopyrrolopyrrole
(DPP)-based conjugated polymer, resulting in a drastically improved charge carrier
mobility, reaching an impressive value of µhmax ~ 12 cm2/V·s, which exceeds that of
amorphous silicon.21
Another strategy, based on the utilization of non-covalent interactions, has also
been developed and used by several groups to modulate the electronic properties of
conjugated polymers.22 Through rational chemical design, non-covalent bonding moieties
have been introduced in conjugated polymers to create intramolecular conformational
locks, thus improving backbone planarity enhancing π-delocalization, and charge carrier
mobility in OFETs. Among these non-bonding interactions, sulfur-oxygen, nitrogen-sulfur
and fluorine-hydrogen showed great promise for controlling the conformation of
conjugated polymers and small molecules.23,24 In addition, hydrogen bonds have also been
investigated to guide the polymer self-assembly and influence the solid-state morphology
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of electroactive materials.25–27 In conjugated polymeric systems, hydrogen bonds have
been enabled through the removal of thermally-labile protecting groups, which allowed for
an enhanced backbone planarity.28,29 However, the polymers suffered from reduced
solubility after removal of the protecting groups, which limited their processing by
solution-based deposition techniques. To address this issue, a few other soluble conjugated
polymers with hydrogen bonding were reported.30,31 Among these, Zhang et al. recently
reported an elegant strategy to incorporate up to 10 mol% urea groups onto DPP-based
polymer side-chains.32 The incorporation of these hydrogen bonding motifs enabled a
significantly enhanced field-effect mobility compared to their saturated counterparts.
Another use of hydrogen bonding in conjugated polymers has recently been reported by
Bao et al. to improve stretchability of DPP-based semiconducting polymers.33
Incorporation of a pyridine dicarboxamide conjugation breaking unit allowing for
intermolecular hydrogen bonding modified the solid-state morphology of the polymer
network, which showed an enhanced molecular stretchability (up to 120% elongation)
without a major degradation of the performance in OFETs.
Inspired by these approaches, herein, we propose an alternative method to enhance
the charge mobility of semiconducting polymers through intermolecular hydrogen
bonding. Toward that objective, we designed and synthesized a family of DPP-based
semiconducting random copolymers incorporating amide-containing aliphatic sidechains,
thus enabling intermolecular hydrogen bonding in the polymer network. Since these
supramolecular interactions can modify the thin film morphology and potentially affect the
charge transport in the solid-state, the utilization of these new conjugated polymers in
OFETs as hole transporting materials has also been investigated. Interestingly, these
materials exhibited an enhancement of the charge carrier mobility when a relatively small
percentage of the amide group (5 mol%) was introduced. This enhancement can be
attributed to the direct influence of the intermolecular hydrogen bonds formed between
adjacent sidechains on the self-assembly and organization of the conjugated polymer
chains. Moreover, even after incorporating 30 mol% of amides, the conjugated polymers
still showed high mobility and good solubility. To gain further insight regarding the
influence of the supramolecular interactions, a complete characterization of the
semiconducting polymers has been performed, which confirmed that the incorporation of
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non-bonding interactions in conjugated polymers sidechains is a simple, versatile, and
efficient strategy to design new organic semiconductors for OFETs with enhanced
electronic properties
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Figure 2.1. Structure of DPP-based conjugated polymers P1 to P5 incorporating 0 to 30 mol% of
amide-containing sidechains and schematic representation of intermolecular hydrogen bonds
formed between adjacent amide-containing sidechains.

The structure of the new amide-containing DPP polymers are presented in Figure
2.1. The amide motif was carefully selected to promote hydrogen bonding and was
incorporated into conjugated polymers for various reasons. First, similar to other hydrogen
bonding moieties, amides possess a selective stacking pattern that promotes order during
self-assembly.34 As previously mentioned, the low solubility of conjugated polymers
incorporating polar functionalities allowing for hydrogen bonding can be a limiting factor
for their utilization in organic electronics. Therefore, the relatively moderate hydrogen
bonding strength of amides, when compared to stronger hydrogen bonding functionalities
such as urea and carboxylic acid, allowed for the incorporation of a more significant
amount of hydrogen bonding moieties in the polymer without significantly decreasing its
solubility and processability in thin films. In addition, amides are easily accessible
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synthetically and a wide variety of derivatives have been previously used to modify the
self-assembly of other aromatic and π-conjugated systems.33 These unique features make
amide moieties the motif of choice to tune the morphology of high charge carrier mobility
conjugated materials.35 Despite being widely encountered in conjugated materials for
electronic applications, the incorporation of hydrogen bonding interactions in conjugated
polymers is an underestimated approach requiring further investigation.

2.2 Results and Discussion

Scheme 2.1. Synthetic pathway to amide-containing conjugated polymers P1 to P5

Synthesis of conjugated polymers P1 to P5, incorporating 0 mol% to 30 mol% of
amide moieties within the sidechains, has been performed as depicted in Scheme 1. Starting
from the commercially available 6-bromohexanoic acid, reaction with SOCl2 was
performed to obtain the corresponding acyl chloride, directly followed by amidation with
1-hexylamine, to afford compound 1 in good yield (73%). The amide-containing alkyl
bromide was then directly introduced onto diketopyrrolopyrrole via alkylation under basic
conditions to afford compound 2 (33% yield). Finally, DPP-derivative 2 was brominated
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using N-bromosuccinimide (51% yield) and was copolymerized with different ratios of
(E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethene and 3,6-bis(5-bromothiophen-2-yl)2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione

under

Stille

polymerization conditions to afford, polymers P1 to P5. Thiophenevinylthiophene (TVT)
was selected as the electron-rich building block due to its high rigidity, which previously
led to high charge carrier mobility in other conjugated systems.21,36 After purification by
Soxhlet extraction, the resulting materials were directly characterized and used for OFETs
fabrication. The detailed experimental procedure is reported in the Supporting Information.

Table 2.1. Molecular weight, polydispersity, optical properties, energy levels and
decomposition temperatures of P1 to P5
Mn
Amide
Amide
content
content
(theoretical)a (calculated)b (kDa)c

Mw
Ðw

d

λmax

λmax

e

e
(film)

(soln)

(kDa)c

Eg

opt

(eV)f

HOMO
(eV)g

LUMO
(eV)h

Td
(°C)i

P1

0%

0%

46.9

101.5

2.1

799

810

1.34

-5.29

-3.91

> 350

P2

5%

4.5%

36.5

98.7

2.7

817

756

1.37

-5.20

-3.79

> 350

P3

10%

10%

37.6

85.2

2.3

719

818

1.38

-5.17

-3.77

> 350

P4

20%

16%

9.9

23.3

2.4

812

815

1.39

-5.18

-3.77

> 350

P5

30%

29%

5.7

16.2

2.8

722

725

1.40

-5.40

-3.95

> 350

a

Amide-containing alkyl chain content based on feed ratios; b Amide-containing alkyl chain content
calculated from 1H NMR experiments (see Figure S2.1); c Number-average molecular weight and weightaverage molecular weight estimated by high temperature gel permeation chromatography in 1,2,4trichlorobenzene at 140 °C using polystyrene as standard; d Weight dispersity defined as Mw/Mn; e
Absorption maxima determined in solution (2.5 × 10−4 g/mL in CHCl3) and spin-coated thin film; f Calculated
by the following equation: gap = 1240/ λonset of polymer film; g Calculated from cyclic voltammetry
(Potentials vs Ag/AgCl) using 0.1 M TBAPF6 in CH3CN as electrolyte; h Estimated from calculated Egopt
and HOMO; i Determined from thermogravimetric analysis (TGA) at 5% weight loss.
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The structures of P1 to P5 and the molecular ratio of the amide-containing
sidechains incorporated in the conjugated polymers were verified by 1H NMR at 120 °C in
TCE-d2 (Figure S2.1). Physical characterization of the new polymers containing hydrogen
bonding was performed by various techniques and the results are summarized in Table 2.1.
The new amide-containing DPP polymers demonstrated high molecular weights as
measured by high-temperature size-exclusion chromatography. Interestingly, the
molecular weight (Mn) gradually decreased upon increasing the ratio of amide sidechains
(from 46.9 kDa for P1 to 5.5 kDa for P5), which can be attributed to the lower solubility
of the amide-containing DPP monomer (compound 3). However, the resulting polymers
still maintain a good solubility, even when high contents of amide sidechains are
introduced. Based on thermogravimetric analysis, displayed in Figure S2.2, the thermal
decomposition temperatures (measured at 5% weight loss) of all polymers were higher than
350 °C. Finally, UV-visible spectroscopy and cyclic voltammetry were used to gain
information concerning the HOMO/LUMO levels and bandgap (Figures S2.4 and S2.6).
To characterize the intermolecular hydrogen bonding formed between the polymer
chains, FTIR spectroscopy was first utilized to confirm the presence of amides (Figures
2.2a and S2.3). As expected, upon incorporation of amide-containing sidechains in the
conjugated polymer, a broad NH stretching band progressively appeared between 3375 and
3275 cm-1, which confirmed the presence of NH substituents on the polymer sidechains.
Given that a maximum of 30 mol% of amides were contained in the polymer backbone,
the presence and strength of the intermolecular hydrogen bonding could not be adequately
resolved by variable temperature NMR spectroscopy due to the low signal intensity from
the amide proton. Therefore, a short, conjugated oligomer (M1) prepared from amidecontaining compound 3 and stannylated TVT derivative, was used as reference (Figure
2.2b). This model oligomer contains 100 mol% of amides and possesses the advantage of
being more soluble. This compound provided direct access to the hydrogen bonding signals
by NMR spectroscopy. Synthesis of the oligomer M1 is detailed in the Supporting
Information. To investigate the formation of inter-chain hydrogen bonding, 1H NMR
spectra of M1 were recorded at various temperatures (Figures 2.2c and S2.7). Interestingly,
the amide peak, at  = 5.51 ppm, was gradually shifted to 5.26 ppm when heated to 373 K.
This phenomenon, previously observed for other polymers containing hydrogen bonds,
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confirmed that hydrogen bonding occurred between the adjacent polymer sidechains in
model oligomer M1.32,37 Consequently, this finding confirmed that intermolecular H-bonds
are formed between the amide-containing sidechain when incorporated in π-conjugated
backbones.
a)

b)

M1

1.000

c)
Transmittance

0.995

298K
323 K
348 K
373K
393K

0.990

0.985

P1
P2
P3
P4
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3400

3350

3300

3250

-1

Wavenumber (cm )

Figure 2.2. a) FTIR spectra of P1 to P5 zoomed on NH stretching region; b) Synthesis of M1 by
Stille polymerization and c) Variable Temperature

1

H NMR spectra of M1 in 1,1,2,2-

tetrachloroethene (expanded on N-H region).

To further clarify the influence of polar groups on the charge distribution in the new
conjugated polymers, theoretical calculations were performed using the M06-2X
functional and the 6-31G(d,p) basis set.38 Truncated dimers of the reference polymer P1
and an amide containing model system were initially constructed, followed by the
minimization of their respective geometries (geometry optimization). The hybrid meta
exchange-correlation functional, M06-2X, was selected since since it has specifically been
developed for compounds containing similar hydrogen bonding motifs.38 Upon geometry
optimization, the HOMO and LUMO orbitals were calculated to be -5.80 eV and -2.21 eV
for the amide containing model dimer, and -5.79 eV and -2.18 eV for the truncated
reference dimer containing only branched alkyl chains, respectively (Figure 2.3). As
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observed experimentally, these calculations confirmed that hydrogen bonding moieties do
not have a significant influence on the HOMO/LUMO energy levels or bandgap (Eg).

HOMO = -5.80 eV

HOMO = -5.79 eV

LUMO = -2.21 eV

LUMO = -2.18 eV

Figure 2.3. M06-2X/6-31G** calculated HOMO/LUMO orbitals and the plotted frontier molecular
orbitals of a model dimer containing an amide sidechain (top) and a truncated reference dimer
containing only branched aliphatic sidechains (bottom). As observed, the electron density is mainly
distributed on the π-conjugated backbone and is not affected by the polar sidechains. The difference
between experimental and calculated values for HOMO/LUMO is attributed to the effect of
molecular weight.

To assess the semiconducting performance of the polymers and to determine the
influence of intermolecular hydrogen bonding on charge carrier mobility, bottom-gate, topcontact organic field-effect transistors (OFETs) were fabricated on highly doped n-type
Si(100) wafer with a 300 nm thick SiO2 functionalized with n-octadecyltrimethoxysilane
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(OTS). Results are summarized in Table 2.2 and the detailed fabrication procedure can be
found in the Supporting Information. Transistor devices fabricated from P1 to P5 showed
the typical output and transfer characteristics for thin films transistors (Figures S2.11 and
S2.12). P1, incorporating 0 mol% of amide sidechains, showed a high average hole
mobility (μhave) of 1.52 cm2/V•s, after annealing at 170 °C for an hour. This value is in
agreement with previously reported hole mobilities for similar DPP-based polymers.36,39
Upon incorporation of a small percentage of hydrogen bonding moieties on the side-chains
(P2, 5 mol%), the average hole mobility increased to 2.02 cm2/V•s (maximum value of
2.46 cm2/V•s), which represents a 32% increase. This improvement can be partially
attributed to the incorporation of non-covalent interactions, which directly influence the
order in the system and, thus, influence hole transport. Upon increased addition of amidecontaining blocks, charge mobility was reduced, with P3 (10 mol%) and P4 (20 mol%)
showing average charge mobilities of 0.46 and 0.74 cm2/V•s, respectively. Interestingly,
despite its lower solubility and molecular weight, P5 (30 mol%), showed a decent average
hole mobility of 0.45 cm2/V•s. These results confirmed that the ratio of amide sidechains
has an important influence on the charge transport properties of the conjugated polymers
in OFETs.
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Table 2.2. Average and maximum hole mobility (μhave, μhmax), threshold voltages (Vth),
Ion/Ioff, and ratios for OFETs fabricated from P1 to P5 before and after thermal annealing.
The device performances were averaged from 20 devices, from four different batches.

a

Evaluated by AFM.
Annealing
Polymer

Temperature
[°C]

P1 (0 mol%)

as cast

μh

Thickness

P2 (5 mol%)

40-50

2

40-50

P3 (10 mol%)

40-50

P4 (20 mol%)

40-50

P5 (30 mol%)

170

40-50

[V]

0.25±0.02/0.27

106

- 6.30

1.52±0.25/1.91

10

5

-4.32

0.58±0.21/0.87

107

-2.83

2.02±0.35/2.46

10

6

-5.50

0.23±0.07/0.31

105

1.91

0.46±0.16/0.67

10

6

-4.75

0.12±0.03/0.17

106

-4.29

0.74±0.17/1.06

10

5

-5.93

0.057±0.01/0.079

106

-7.74

0.45±0.12/ 0.59

10

5

-10.5

20

20

20

170
as cast

-1 -1

Vth

20

170
as cast

ave

ave
ION/IOFF

[cm V s ]

170
as cast

max

/ μh

W/L
(nm)a

170
as cast

ave

20

Since the annealing temperature used for OFETs fabrication (170°C for 1h) can
cause disruption and breakage of the intermolecular supramolecular interactions, OFETs
were also fabricated without annealing of the semiconducting layer. As expected, the
performance of OFETs made from P1 to P5 was significantly decreased, a phenomenon
generally observed due to poor crystallinity.40 However, even without annealing, an
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improvement of the charge mobility for P2 (μhave = 0.58 cm2/V•s) was still observed in
comparison to P1 (μhave = 0.25 cm2/V•s). This finding confirmed the benefits of low
amounts of hydrogen bonding sidechains with respect to charge transport with and without
annealing.

The decent mobility obtained with P2 without annealing is particularly

interesting for large scale fabrication of OFETs, since thermal annealing could be difficult
to apply and result in damage to other components of the devices. Like the annealed
devices, the enhancement in charge mobility is attributed to the influence of hydrogen
bonding on self-assembly.

10

2

Mobility (cm /Vs)

Annealing
Without annealing

1

0.1

0.01

0 mol %

5 mol % 10 mol % 20 mol % 30 mol %
H-Bonding Content

Figure 2.4. Charge mobility in OFETs for polymer P1 to P5 upon thermal annealing (170°C, black
curve) and without annealing (red curve). In both cases, P2 (5 mol%) showed an improved charge
mobility, attributed to the direct influence of the intermolecular hydrogen bonding on the selfassembly. Field-effect mobilities were averaged from 20 devices, from four different batches.
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UV-vis absorption spectroscopy, measured in both thin films and solution, was then
used to gain insight into the aggregation behaviour and optical properties of the novel
conjugated polymers (Figure 2.5). For both solution (Figure 2.5a) and thin-film (Figure
2.5b) measurements, P1 to P5 showed two distinct absorption bands. One band was
observed at higher energy and is associated with the π-π* transition. Another band from
520 to 800 nm, presents two vibrational peaks (0-0 and 0-1) resulting from the donoracceptor charge transfer. Interestingly, in solution, the intensity of the 0-0 peak gradually
decreased upon addition of hydrogen bonding sidechains. Previously observed for
conjugated polymers incorporating non-conjugated spacers in their backbone, this
phenomenon can be attributed to a progressive decrease in aggregation.41 This trend was
also demonstrated by the thin film measurements however to a lesser extent. This result
indicates that the introduction of hydrogen bonds in conjugated polymers disrupts the
stacking of polymer chains, thus reducing the formation of aggregates and results in better
solvated polymer chains in solution. To further understand the behaviour of the polymers
upon heating and to correlate the aggregation behavior with performances in OFETs,
variable temperature UV-vis spectroscopy was conducted on heated solutions of P1 (0
mol%) and P2 (5 mol%) in chlorobenzene (Figure S2.5). Both P1 and P2 showed
progressive blue shifts in absorbance upon increasing the temperature, which can be
directly attributed to a reduction of aggregation.
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Figure 2.5. Normalized UV-vis spectra of P1 to P5 a) in chlorobenzene, and b) as cast on SiO2, and
variable temperature UV-vis spectroscopy of c) P1 in chlorobenzene and d) P2 in chlorobenzene.
Solution concentration = 2.5 x 10-4 g/mL.

To further investigate the influence of intermolecular hydrogen bonds on the
polymer’s morphology in the solid-state, and to correlate with the electronic properties
assessed through the OFET fabrication, atomic force microscopy (AFM) was used. The
polymer thin films were prepared under the same conditions as those described for the
OFET devices, e.g. spin-coating of the materials on OTS-SiO2/Si followed by thermal
annealing at 170°C. As depicted in Figures 2.6 and S2.10, P1 showed a smooth film
morphology as well as large crystalline domains. However, upon increasing the amount of
amide-containing sidechains from 5 mol% (P2) up to 30 mol% (P5), the domain size
gradually decreased as the concentration of intermolecular hydrogen bonds increased. Like
55

the results observed by UV-vis spectroscopy, the reduction in domain size can be directly
attributed to the influence of intermolecular hydrogen bonding between adjacent polymer
chains, which disrupts the self-assembly of the sidechains and prevents a strong
aggregation. Therefore, despite increasing the intermolecular interactions between the πconjugated polymers, this finding suggests that hydrogen bonds induce a mismatch in the
polymer chain aggregation, resulting in an overall reduction of crystallinity/aggregation.
Interestingly, P2 (5 mol%) displayed a very distinct morphology in the solid-state,
exhibiting a smooth surface with large aggregates. This finding indicated that at very low
relative proportions, hydrogen bonding can also be beneficial for the self-assembly. As
determined by OFET data, this morphology is directly correlated with enhanced charge
transporting properties. It is important to note that in contrast to previous conjugated
polymer systems bearing polar sidechains, the presence of fiber-like nanostructure was not
observed by AFM.
As shown in Figure 2.7a, X-ray diffractometry (XRD) was also used to assess the
as-spun films after annealing at 200°C. The as-spun film of P1, containing 0 mol% amide
moieties, showed a clear diffraction peak at 2θ = ~4.16°, corresponding to a d-spacing of
20.8 Å. Upon addition of 5 mol% (P2) and 10 mol% (P3) of amide sidechains, the interlamellar distances were not affected, indicating that the intermolecular hydrogen bonds do
not have a significant influence on the stacking distances. However, upon further addition
of amide sidechains (P4 and P5), the diffraction peak attributed to the inter-lamellar
distances gradually shifted to a wider angle (2θ = ~4.25°), which indicated that the
polymer’s sidechains are getting closer to one another through hydrogen bonding. It was
also noted that P1 to P5 presented a similar full width at half maximum (FWHM), directly
correlated to the coherence length.42
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Figure 2.6. Atomic force microscopy (AFM) height images of P1 to P5 thin films on OTS-SiO2/Si
annealed at 170°C, scan size = 1 µm, scale bar = 200 nm.

Since no π-π stacking distances were observed through XRD measurements on
thin-films, wide angle X-Ray scattering (WAXS) was conducted on bulk samples (flakes)
of P1 to P5 (Figure 2.7b).42 All polymers showed a distinct peak at ~ 2θ = 19° (d-spacing
= 0.46 nm), which was attributed to the van der Waals distance for a typical amorphous
polymer phase.43 Moreover, P1 to P5 showed a peak at ~ 2θ = 24° (d-spacing of 0.37 nm),
which corresponded to the π stacking distance between conjugated backbones. It is
important to mention that the distance observed for these polymers is similar to that
reported for similar conjugated polymers based on DPP repeating units.44,45 However,
despite the distance being similar for all polymers, the FWHM calculated for the π stacking
peak (2θ = 24°) is linearly increasing with the ratio of amide-containing sidechains,
indicating a disruption of the long-range order upon addition of amide sidechains (Figure
S2.9).
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Figure 2.7. X-Ray Diffraction (XRD) spectra of a) P1 to P5 thin film on SiO2 after annealing at
150°C and b) reflective Powder X-Ray Diffraction (PXRD) spectra of P1 to P5, performed directly
on polymers samples (flakes).

2.3 Conclusion
In conclusion, a series of new DPP-based conjugated polymers incorporating
various amounts of amide-containing sidechains were prepared to investigate the influence
of intermolecular hydrogen bonds on the self-assembly in thin films and charge transport
properties in OFETs. Linear sidechains containing amide functional groups were
synthesized and introduced up to 30 mol% into DPP-based conjugated polymers. Whereas
the effects on electron density were minor, as determined by DFT calculations, charge
carrier mobility measurements performed by OFET characterization revealed important
differences among the various polymers. Upon addition of 5 mol% of amide sidechain
(P2), the polymers showed an enhancement of the charge mobility, with a maximum value
of 2.46 cm2/V•s. Notably, upon further addition of polar sidechains, the mobility gradually
decreased resulting in a maximum value of 0.59 cm2/V•s for the 30 mol% amide side-chain
polymer (P5). More importantly, high hole mobility was obtained for OFETs fabricated
without thermal annealing, which is particularly interesting for large-scale fabrication.
Upon characterization of the thin film morphology by AFM and aggregation properties by
UV-vis, we can conclude that the incorporation of amide sidechains enabled intermolecular
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hydrogen bonds to form between the polymer chains but caused a disruption of the polymer
chains self-assembly, thus affecting the long-range order in the polymer network, and
charge transport pathways. However, upon addition of low quantities (5 mol%) of amide
moieties, the intermolecular hydrogen bonds are beneficial to the stacking of the polymer
chains, which enhance the charge transport in OFETs. The important influence of hydrogen
bonds on the solid-state morphology was also confirmed by X-ray diffraction on thin films
and bulk materials.
The incorporation of hydrogen bonding moieties in conjugated polymers shows
great promise for enhancing and tuning the charge transport. The new strategy reported is
synthetically easily accessible, highly versatile, and allows for fabrication of FET devices
in limited steps. Moreover, non-covalent interactions can be beneficial in the design of
novel conjugated materials with innovative properties. For example, as previously reported
for different π-conjugated systems, the incorporation of hydrogen bonds in conjugated
polymers has been determined to be beneficial for the mechanical compliance as a result
of the sacrificial dynamic interactions contributing to the dissipation of mechanical stress.33
Therefore, our efforts are now being directed towards the investigation of stretchability of
these new conjugated polymers for the development of flexible and stretchable FETs,
which indisputably will be part of the next generation of electronic devices.

2.4 Supporting Information
2.4.1 General
Materials: Commercial reactants were used without further purification unless stated
otherwise. All the solvents used in these reactions were distilled prior to use.
Tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct (Pd2(dba)3•CHCl3) was
purchased from Sigma Aldrich and recrystallized following a reported procedure.46 (E)1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethene (TVT) and 3,6-bis(5-bromothiophen-2yl)-2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione

were

synthesized according to literature.47
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Measurements and Characterization: Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker 300 MHz. The spectra for all polymers were obtained in deuterated
1,1,2,2-tetrachloroethane (TCE-d2) at 120 °C. Chemical shifts are given in parts per million
(ppm). Number average molecular weight (Mn), weight average molecular weight (Mw),
and polydispersity index (PDI) were evaluated by high temperature size exclusion
chromatography (SEC) using 1,2,4-trichlorobenzene and performed on a PL-GPC 120
instrument (Agilent Technologies) equipped with a single TSKgel GPC column (GMHHRH; 300 mm × 7.8 mm) also calibrated by monodisperse polystyrene standards.
Thermogravimetric analysis (TGA) was performed on a Mettler Toledo AGTGA/SDTA851e. FTIR spectroscopy was performed on a Bruker ALPHA FTIR
Spectrometer using a Platinum ATR sampling module. UV Visible spectroscopy was
performed on a Varian UV/Visible Cary 50 spectrophotometer. The surface structure of
polymer film was obtained using a Multimode atomic force microscope (AFM, Digital
Instruments) operated in the tapping mode at room temperature. Images were collected
using Nanoscope 6 software and processed using WSxM 5.0 Develop 8.0 software. All the
measurements of the transistors were conducted using a Keithley 4200 semiconductor
parameter analyzer (Keithley Instruments Inc.) under dry N2 (glovebox) and ambient
atmosphere at room temperature. A BASi Epsilon Potentiostat was used to obtain the cyclic
voltammetry measurements. Cyclic voltammograms were taken in a 0.1M solution of
TBAPF6 in anhydrous acetonitrile at room temperature. Pt was used as working electrode
and counter electrode. Ag|AgCl was used as non-aqueous reference. The scan rate of
measurements was 100 mV/s. X-Ray diffraction was performed on a Proto AXRD
Benchtop Powder Diffractometer with a Cu source (λ = 1.5406 Å).
FET Device Fabrication and Characterization: FET devices were fabricated on highly
doped n-type Si(100) wafer with a 300 nm thick SiO2 functionalized with an noctadecyltrimethoxysilane (OTS) self-assembled monolayer, according to the reported
method.48 Before spin-coating the active layers, the OTS-treated substrate was washed with
toluene, acetone and isopropyl alcohol, and then dried with nitrogen before use. The
organic semiconductor thin films were spin-cast on the OTS-treated substrates and
controlled the thickness at ~40 nm from prepared polymer solutions in chlorobenzene (3
mg mL−1). The thermal annealing process was carried out inside a N2-filled glove box. A
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top-contact gold electrode (70 nm) was subsequently deposited by evaporation through a
shadow mask with a channel length (L) and width (W) defined as 50 and 1000 μm,
respectively. All the measurements of the transistor memories were conducted using a
Keithley 4200-SCS semiconductor parameter analyzer (Keithley Instruments Inc.,
Cleveland, OH, USA) in an N2- filled glove box at room temperature.
Calculation: The DFT approach was used to optimize molecular geometries, with M062X as the functional and 6-31G(d,p) as basis set. Calculations were performed in the
Gaussian 09 environment.49-50 Visualization of the frontier molecular orbitals was
performed using the cubegen utility. The energies of these orbitals were taken from the
output file and converted from Hatrees to eV.
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2.4.2 Synthetic Procedure

Scheme S1.1 Synthetic pathway to conjugated polymers P1 to P5.

Compound 1. A purged and flame-dried round-bottom flask equipped with a magnetic stir
bar was charged with 6-bromohexanoic acid (5.00 g, 25.6 mmol), anhydrous CH2Cl2 (43
mL), and thionyl chloride (4.27 g, 35.9 mmol). The solution was stirred at room
temperature for 4 hours. The excess thionyl chloride was removed under reduced pressure
and the remaining residue was re-dissolved in anhydrous CH2Cl2 (26 mL). Another purged
and flame-dried round-bottom flask equipped with a magnetic stir bar was charged with
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hexylamine (5.19 g, 51.3 mmol), triethylamine (10.38 g, 100.2 mmol) and anhydrous
CH2Cl2 (26 mL). The latter solution was added dropwise to the former solution at 0°C. The
reaction was then stirred overnight at room temperature. Upon completion, the reaction
was diluted in CH2Cl2, washed with H2O and washed with brine. The organic layer was
subsequently dried with Na2SO4 and the solvent was removed under reduced pressure. The
crude mixture was purified by flash chromatography on silica gel using 20% acetone in
CH2Cl2 as the eluent to afford compound 1 as a dark brown oil (5.24 g, 73% yield). 1H
NMR (300MHz, DMSO, 298 K): 7.80 (s, 1H), 3.51 (t, J = 6.71 Hz, 2H), 3.00 (m, 2H), 2.05
(q, 2H), 1.78 (q, J = 7.47, 2H), 1.52 (m, 2H), 1.34 (m, 2H), 0.85 (t, J = 6.82 Hz, 3H); 13C
NMR (300 MHz, DMSO, 298K): 172.1, 35.6, 32.4, 31.5, 29.6, 27.6, 26.6, 24.9, 22.5, 14.4.
HRMS (ESI-Tof) calcd for C12H24BrNO[M+H]+: 278.1041, found 278.1127.

1

H NMR spectra of compound 1 in deuterated DMSO
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13

C NMR spectra of compound 1 in deuterated DMSO

Compound 2. A round-bottom flask equipped with a magnetic stir bar was charged with
3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (0.75 g, 2.50 mmol) and
DMF (25 mL). Anhydrous potassium carbonate (1.03 g, 7.50 mmol) was then added in one
portion and heated to 100 °C. The reaction was stirred for 30 minutes before dropwise
addition of 1 (1.74 g, 6.24 mmol). The reaction was stirred for 15 h. Upon completion, the
reaction was diluted in CHCl3, extracted with H2O and washed with brine. The organic
layer was subsequently dried with Na2SO4, and the solvent was removed under reduced
pressure. The crude mixture was purified by flash chromatography on basic Al2O3 using
10% Acetone in CHCl3 as the eluent to afford compound 2 as a dark purple solid (0.57 g,
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33% yield). 1H NMR (300MHz, DMSO, 298 K): 8.77 (d, 1H), 7.67 (d, 1H), 7.32 (d, 1H),
4.10 (t, J = 6.71 Hz, 2H), 3.25 (m, 2H), 2.17 (q, 2H), 1.70 (m, 2H), 1.36 (m, 2H), 0.95 (t,
J = 6.82 Hz, 3H); HRMS (ESI-ToF) calcd for C38H52N4O4S2[M+H]+: 695.3586, found
695.3646. 13C NMR was not possible to acquire due to extreme low solubility of compound
2 in deuterated solvents at 120 °C

1

H NMR spectra of compound 2 in 1,1,2,2-tetrachloroethane-d2 at 120°C

Compound 3. A round-bottom flask equipped with a magnetic stir bar was charged with 2
(0.25 g, 0.36 mmol) and anhydrous CHCl3 (7 mL). N-Bromosuccinimide (0.13 g, 0.76
mmol) was then added in one portion and heated to 60 °C. The reaction was monitored by
TLC and terminated once no more mono-brominated species were observed. Upon
completion, the reaction was quenched with water, dried with Na2SO4, and the solvent was
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removed under reduced pressure to afford monomer 1 as a dark purple solid (63 mg, 51%
yield). 1H NMR (300MHz, TCE-d2, 393 K): 8.51 (d, J = 2.5 Hz, 2H), 7.29 (d, J = 3.9 Hz,
2H), 5.27 (m, 2H), 4.04 (dd, J = 7.8 Hz, 4H), 3.26 (m, 4H), 2.19 (m, 4H), 1.75 (m, 4H),
1.53 (m, 6H), 1.39 (br s, 18H), 0.97 (br s, 6H); HRMS (ESI-Tof) calcd for
C38H52Br2N4O4S2[M+H]+: 851.1797, found 851.1824.

13

C NMR was not possible to

acquire due to extreme low solubility of compound 3 in deuterated solvents at 120°C.

1

H NMR spectrum of compound 3 in 1,1,2,2-tetrachloroethane-d2 at 120°C
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Oligomer M1. A microwave vessel equipped with a stir bar was charged with (E)-1,2bis(5-(trimethylstannyl)thiophen-2-yl)ethene (TVT) (45.0 mg, 0.087 mmol) and 6,6'-(3,6bis(5-bromothiophen-2-yl)-1,4-dioxopyrrolo[3,4-c]pyrrole-2,5(1H,4H)-diyl)bis(Nhexylhexanamide) (24.7 mg, 0.029 mmol), followed by the addition of anhydrous
chlorobenzene (3.5 mL). The mixture was degassed by bubbling with N2 for 30 minutes,
followed by addition of Pd2dba3 and P(o-tolyl)3 and sealing with a snap cap. The reaction
vessel was then placed in an oil bath pre-heated to 120°C and stirred overnight. The
reaction was poured into water and extracted with CHCl3 and dried over Na2SO4. The
organic phase was then concentrated under reduced pressure, precipitated in methanol, and
collected by filtration onto a nylon membrane to collect 29 mg of a dark purple solid.
Molecular weight estimated from high temperature GPC: Mn = 565 Da, Mw = 581Da, PDI
= 1.1

1

H NMR spectrum of M1 in 1,1,2,2-tetrachloroethane-d2 at 120°C
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General procedure for Stille polymerization
A microwave vessel equipped with a stir bar was charged with the appropriate amount of
(E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethene (TVT), 3,6-bis(5-bromothiophen-2yl)-2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione

and

other

brominated compound, followed by the addition of anhydrous chlorobenzene. The solution
was then bubbled with N2 gas for 30 minutes, followed by addition of Pd2dba3 and P(otolyl)3. The vessel was then immediately sealed with a snap cap and microwave irradiated
under the following conditions with ramping temperature (Microwave Setup: Biotage
Microwave Reactor; Power, 300 W; Temperature and Time, 2 minutes at 100oC, 2 minutes
at 120oC, 5 minutes at 140oC, 5 minutes at 160oC, and 40 minutes at 180oC; Pressure, 17
bar; Stirring, 720). After completion, the polymer was end-capped with trimethylphenyl
tin and bromobenzene, successively. The reaction was then cooled to room temperature
and dissolved in 1,1,2,2-tetrachloroethane (TCE). This solution was then precipitated in
methanol and the solid was collected by filtration into a glass thimble. The contents of the
thimble were then extracted in a Soxhlet extractor with methanol, acetone, hexane and
finally chloroform (chlorobenzene if the polymer was not fully soluble in chloroform). The
chloroform/chlorobenzene fraction was concentrated and reprecipitated in methanol,
followed by filtration and drying under vacuum.

P1. (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethene (44.86 mg, 0.087 mmol), 3,6bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole1,4-dione (98.0 mg, 0.087 mmol), cholorobenzene (3.5 mL), Pd2(dba)3 (1.6 mg, 0.0017
mmol), P(o-tolyl)3 (2.4 mg, 0.0078 mmol), trimethylphenyl tin (20.9 mg, 0.087 mmol) and
bromobenzene (13.6 mg, 0.087 mmol). Molecular weight estimated from high temperature
GPC: Mn = 46.9 kDa, Mw = 101.5 kDa, PDI = 2.1
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1

H NMR spectrum of P1 in 1,1,2,2-tetrachloroethane-d2 at 120°C

P2. (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethene (45.0 mg, 0.087 mmol), 3,6bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole1,4-dione (93.4 mg, 0.082 mmol), compound 3 (3.7 mg, 0.0043 mmol), cholorobenzene
(3.5 mL), Pd2(dba)3 (1.6 mg, 0.0017 mmol), P(o-tolyl)3 (2.4 mg, 0.0078 mmol),
trimethylphenyl tin (20.9 mg, 0.087 mmol) and bromobenzene (13.6 mg, 0.087 mmol).
Molecular weight estimated from high temperature GPC: Mn = 36.5 kDa, Mw = 98.7 kDa,
PDI = 2.7
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1

H NMR spectrum of P2 in 1,1,2,2-tetrachloroethane-d2 at 120°C

P3. (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethene (45.0 mg, 0.087 mmol), 3,6bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole1,4-dione (88.5 mg, 0.078 mmol), compound 3 (7.4 mg, 0.0087 mmol), cholorobenzene
(3.5 mL), Pd2(dba)3 (1.6 mg, 0.0017 mmol), P(o-tolyl)3 (2.4 mg, 0.0078 mmol),
trimethylphenyl tin (20.9 mg, 0.087 mmol) and bromobenzene (13.6 mg, 0.087 mmol).
Molecular weight estimated from high temperature GPC: Mn = 37.6 kDa, Mw = 85.2 kDa,
PDI = 2.3
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1

H NMR spectrum of P3 in 1,1,2,2-tetrachloroethane-d2 at 120°C

P4. (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethene (45.0 mg, 0.087 mmol), 3,6bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole1,4-dione (78.6 mg, 0.070 mmol), compound 3 (14.8 mg, 0.017 mmol), cholorobenzene
(3.5 mL), Pd2(dba)3 (1.6 mg, 0.0017 mmol), P(o-tolyl)3 (2.4 mg, 0.0078 mmol),
trimethylphenyl tin (20.9 mg, 0.087 mmol) and bromobenzene (13.6 mg, 0.087 mmol).
Molecular weight estimated from high temperature GPC: Mn = 9.9 kDa, Mw = 23.3 kDa,
PDI = 2.4
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1

H NMR spectrum of P4 in 1,1,2,2-tetrachloroethane-d2 at 120°C

P5. (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethene (45 mg, 0.087 mmol), 3,6-bis(5bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4dione (68.8 mg, 0.061 mmol), compound 3 (22.2 mg, 0.026 mmol), cholorobenzene (3.5
mL), Pd2(dba)3 (1.6 mg, 0.0017 mmol), P(o-tolyl)3 (2.4 mg, 0.0078 mmol),
trimethylphenyl tin (20.9 mg, 0.087 mmol) and bromobenzene (13.6 mg, 0.087 mmol).
Molecular weight estimated from high temperature GPC: Mn = 5.7 kDa, Mw = 16.2 kDa,
PDI = 2.8
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1

H NMR spectrum of P5 in 1,1,2,2-tetrachloroethane-d2 at 120°C

2.4.3 Materials Characterization

Figure S2.1. Composition of P1 to P5 as determined by NMR spectroscopy in 1,1,2,2tetrachloroethane-d2 at 120°C. The theoretical and experimental ratios between Ha and Hb are
calculated assuming 10 repeating units.
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Figure S2.2. Thermogravimetric analysis of polymers P1 to P5.

1.0

Transmittance

0.9

0.8

0.7

0.6

0.5
4000

P1
P2
P3
P4
P5
3500

3000

2500

2000

1500

1000

500

-1

Wavenumber (cm )

Figure S2.3. FTIR spectra of P1 to P5.
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Figure S2.4. Normalized UV vis spectra of P1 to P5 a) in chlorobenzene and b) as cast on SiO2.

a)

b)

Figure S2.5. Variable temperature UV-vis spectroscopy of a) P1 in chlorobenzene and b) P2 in
chlorobenzene.
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Figure S2.6. Cyclic voltammograms of P1 to P5 vs Fc/Fc+

Figure S2.7. a) Variable Temperature (VT) NMR spectra of oligomer M1 in 1,1,2,2tetrachloroethene-d2; b) VT-NMR spectra of M1 in in 1,1,2,2-tetrachloroethene-d2 zoomed on the
amide region.

76

P1
P2
P3
P4
P5

1.4

Intensity(A. U.)

1.2
1.0
0.8
0.6
0.4
0.2
0.0

5

10

15

20

25

30

35

2-theta (Degree)
Figure S2.8. Reflective Powder X-Ray Diffraction (PXRD) spectra of P1 to P5. Polymer sample
(flakes) are directly for measurements.

Figure S2.9. Full width at half maximum (FWHM) of the diffraction peak at 2θ = 24° (π stacking
distance, Å) vs the amount of amide moieties incorporated in the conjugated polymers (mol%),
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determined by powder X-ray diffraction (PXRD). The FWHM is calculated for thin films of P1 to
P5

Figure S2.10. Atomic force microscopy (AFM) height images of P1 to P5 thin films on OTSSiO2/Si annealed at 170°C, scan size = 1 µm, scale bar = 200 nm.

2.4.4 Devices Characterization
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Figure S2.11. Transfer curves of the FET devices (a) after annealing at 170°C and (b) without
annealing.

Figure S2.12. Output curves of FET devices based on (a) P1, (b) P2, (c) P3, (d) P4, and (e) P5.
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3.1 Introduction
To develop a new generation of electronic devices and innovative applications,
efforts toward entirely flexible, mechanically robust electronic devices have intensified
over the last years.1,2 In fact, new functional materials are currently being developed to
control and modify mechanical and electronic properties, resulting in more efficient and
robust electronic components.3,4 Among the potential candidates towards fully stretchable
electronics, organic materials have shown great promise, particularly due to being easy to
tailor by synthetic chemistry (both electronically and mechanically), permitting
functionalities previously unimaginable for conventional electronics.5–7 Organic materials
are also easily processed from solution over large areas resulting, potentially, in low
fabrication and manufacturing costs.8 Therefore, mechanical flexibility is now required for
many new applications such as wearable electronics and sensors. In recent years, the
boundaries between chemical engineering and chemistry have been pushed to achieve
solution-processed materials with excellent charge transport (>10 cm2/Vs).9,10 However,
devices built from these materials suffer under mechanical stress, which limit their use in
modern technologies.11,12 Thus, new strategies to obtain semiconductors that can tolerate
various external conditions (strain, temperature, humidity, etc.) are highly sought after.
As described by DeLongchamp et al., a major challenge for the design of high
charge mobility conjugated polymers with good mechanical compliance comes from the
constant competition between electronic and mechanical properties.13 Due to charge
transport occurring via a charge hopping mechanism, the intermolecular orbital overlap
between the conjugated backbones must be close and oriented to promote an efficient
charge transport.14 However, this rigid and highly ordered morphology, favoured by the
strong π stacking between the polymer chains, is suboptimal for mechanical compliance
and strain endurance due to preventing chain rearrangement and alignment to dissipate
energy under stress.15 Furthermore, thin film morphology, aggregation, solution
deposition, crystallinity, and bulk physical properties, such as elastic modulus and glass
transition temperature (Tg), are also very important parameters to control when designing
intrinsically stretchable conjugated polymers.16,17
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To address these challenges and prepare intrinsically stretchable polymers, several
design strategies have been conceived and reported in recent years.18,19 Among others,
backbone fragmentation and sidechain engineering with soft building blocks have shown
great promise.20–24 For example, Chen et al. reported the preparation of polyisoindigo
conjugated polymers incorporating various ratios of soft siloxane-based sidechains.25
These sidechains, given their softness and low glass transition temperature (Tg),
progressively reduced the elastic modulus of the semiconducting polymers, thus increasing
the overall elasticity of the materials. Interestingly, the conjugated materials showed good
mechanical compliance by being stretched up to 60% elongation without the formation of
cracks, which represents a drastic improvement in comparison to usual rigid conjugated
polymers.
Another very potent and versatile design strategy has been reported by Bao et al.26
Towards enhancing stretchability, various contents of non-conjugated pyridine
dicarboxamide (PDCA) units were incorporated into diketopyrrolopyrrole-based
conjugated polymers. Due to the breakage of conjugation and the formation of
intermolecular dynamic hydrogen bonds between the polymer chains, the resulting
material showed an outstanding stretchability of up to 120% strain without crack formation.
Furthermore, due to the incorporation of dynamic bonding, the polymers have shown some
healing capabilities by recovering a majority of their initial physical properties upon a mild
healing treatment. The authors attributed the substantial enhancement of stretchability,
durability, and the enabling of healing properties not only to the formation of dynamic
hydrogen bonding between polymer chains, but also to an important reduction of
crystallinity due to the presence of conjugation-breaking units. Despite being the first
example of a healable conjugated polymer with intrinsic stretchability, the incorporation
of conjugation-breaking units limits the potential of the materials and intrinsically reduces
the overall electron delocalization and charge transport.
Herein, we report the development of a sidechain engineering approach with
dynamic hydrogen bonding to modulate and influence the mechanical properties of
conjugated polymers. Previously reported to significantly influence the self-assembly and
electronic properties of semiconducting polymers,27 amide side chains were incorporated
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on DPP-based conjugated polymer and the intrinsic mechanical properties of the resulting
conjugated polymers were investigated (Figure 3.1). A careful comparison with reference
polymers incorporating respectively 5 mol% to 20 mol% of linear sidechains was also
performed to gain insight into the influence of the amide moieties on the molecular
stretchability. Interestingly, the amide-containing conjugated polymers showed a good
stretchability up to 75% strain for polymers incorporating 10 mol% of amide-containing
alkyl chains. This phenomenon can be attributed to a reduced crystallinity (more
amorphous chains) capable of dissipating the energy through molecular alignment.
Interestingly, our approach allows for a considerable improvement of the mechanical
compliance of rigid conjugated polymers without the incorporation of moieties affecting
the π-conjugation, directly correlated to intrinsic charge mobility. Incorporation of
dynamic bonding sidechains is also versatile and synthetically tunable. Moreover, given
the presence of dynamic intermolecular interactions between the polymeric chains, initial
investigation of the healing ability of our new conjugated polymers was also performed.

Figure 3.1 Chemical structure of DPP-based conjugated polymers P1 to P7, incorporating up to 20
mol% of amide-containing alkyl side chains and 20 mol% of dodecyl side chains.
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3.2 Results and Discussion
The synthesis of conjugated polymers P1 to P4 (Figure 3.1) has been reported in
the previous chapter.27 In short, amide-containing alkyl halide are directly introduced on
diketopyrrolopyrrole core by alkylation. Following bromination with NBS, the resulting
monomer was co-polymerized by Stille coupling with trimethyltin-functionalized
thiophenevinylthiophene (TVT) and dibrominated DPP derivatives bearing long branched
alkyl sidechains. The resulting random copolymers have been purified by Soxhlet
extraction, precipitated in methanol, and dried under vacuum. To gain further insight on
the influence of the amide moieties on molecular stretchability, polymers P5, P6 and P7,
incorporating respectively 5 mol%, 10 mol% and 20 mol% of linear sidechains (dodecyl)
were also prepared as references (Figure 3.1). To confirm the empirical ratio of amidecontaining alkyl chains incorporated in the conjugated polymers, the composition of P1 to
P4 was determined by NMR spectroscopy in 1,1,2,2-tetrachloroethane-d2 at 120°C (Figure
3.2). It is important to mention that, similar to other π-conjugated materials previously
reported, the incorporation of linear aliphatic side chains reduced the solubility of the
resulting conjugated polymers, which can increase aggregation in solution and lead to
discrepancies in Mn and PDI values.28,29

Figure 3.2 Composition of P1 to P4 as determined by NMR spectroscopy in 1,1,2,2tetrachloroethane-d2 at 120°C. The theoretical and experimental ratios between Ha and Hb are
calculated assuming 10 repeating units.
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In addition to the physical characterization previously reported for P1 to P4, further
probing of intermolecular hydrogen bonding has been performed using variable
temperature 1H NMR experiments. Given the low amount of amide moieties on the
polymer backbone, observation of the signal attributed to amides can be challenging.
Therefore, P4, containing 20 mol% of amide-containing sidechains, was selected to
maximize the signal intensity. The variable-temperature NMR experiments have been
performed in 1,1,2,2-tetrachloroethane-d2 (10 mg/mL) and results are presented in Figure
S3.1. Expectedly, upon increasing the temperature from 313K to 393K, the peak attributed
to amide moieties was gradually upfield-shifted, indicating the breakage of the hydrogen
bonds formed between the adjacent sidechains.10 Moreover, upon incorporation of
deuterium oxide, D2O, the signal completely disappeared due to proton exchange, further
confirming the formation of intermolecular hydrogen bonds between the polymer chains.
FTIR spectroscopy was also utilized to confirm the formation of hydrogen bonding in the
solid state (Figure S3.2). Due to the small amount of amide moieties within the polymer,
the N-H stretching signal was found to be relatively weak as compared to the other bands
associated with the DPP backbone. However, despite its broadness, the N-H stretching
band in P2 to P4 showed the presence of a weak shoulder around 3240 cm-1. Previously
observed in other hydrogen bonds-containing polymers, this signal was assigned to the NH stretch of non-hydrogen bonded amide or 'free' amide groups, thus supporting the
hypothesis that an important fraction of amide moieties is involved in hydrogen bonds in
the solid-state.30–32
To evaluate the stretchability of conjugated polymers P1 to P4, a soft contact
lamination methodology was used.13,33 In short, a solution of polymer in chlorobenzene
was spin-coated onto octadecyltrimethoxysilane (OTS)-functionalized SiO2 substrate.34
The polymer film was then transferred to a soft polydimethylsiloxane slab, which was used
to stretch at various levels of strain. Finally, the conjugated polymer film was characterized
directly laminated on the PDMS substrate or was transferred back onto SiO2 for further
characterization. The detailed procedure, illustrated in Figure 3.3a, is described in the
Experimental Section.
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Firstly, optical microscopy was performed to visualize the surface morphology of
the thin films under 0%, 50% and 100% strain. The different optical microscopy images of
P1 to P4 under strain can be found in Supporting Information (Figures S3.3). As expected,
P1 which does not contain amide-containing alkyl chains, suffered from strain, as
confirmed by the presence of large and uniform microscale cracks at 50% strain, with a
crack-onset strain at 30% (Figures 3.3b and S3.3). The low tolerance of similar conjugated
polymeric structure to mechanical stress has been previously observed with other DPPbased materials.18,19 Upon incorporation of a low amount of amide sidechains (P2, 5
mol%), the mechanical robustness increased quite drastically, showing the appearance of
small microcracks at 40%. Interestingly, P3, containing 10 mol% of dynamic bonding
sidechains, also showed an enhanced tolerance to strain, showing no sign of surface
microscale cracks up to 75% strain elongation. For P4, containing 20 mol% of amidecontaining sidechains, small and localized microcracks began to appear at 50% elongation.
To confirm the importance of the amide moieties for molecular stretchability, comparison
with control polymers P5 to P7, incorporating linear dodecyl alkyl chains was also
performed at 50 and 100% strain. The results are included in Figures S3.4. Notably, P5 to
P7 showed a significantly reduced stretchability when compared to their amide-containing
counterparts, confirmed by the presence of large microcracks at 50% strain. This decrease
of stretchability can be attributed to the increased crystallinity, known to be induced by the
incorporation of linear sidechains in π-conjugated backbone. More importantly, the
significant reduction of the mechanical compliance in P5 to P7, in comparison to amidecontaining polymers P2 to P4, suggests that the presence of amide moieties in the side
chains plays an important role in the final polymer morphology, and molecular
stretchability of the resulting materials. It is important to mention that despite its lower
molecular weight, the improvement in crack onset strain for P4 when compared to its
dodecyl counterpart P7 also demonstrates the positive effect of the amide-containing side
chains on mechanical properties.
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Figure 3.3 a) Soft lamination technique used to investigate the stretchability of semiconducting
conjugated polymers

24

and b) optical microscopy images of P1 to P4 at 50% strain elongation.

Note that image of P1 is presented in dark field for clarity. Scale bar is 20 m.

To further investigate the surface morphology upon various strains at the nanoscale,
atomic force microscopy (AFM) was used, and the results are summarized in Figure S3.6.
As observed by optical microscopy, P1 (0 mol%) presents large microcracks, which are
uniformly present over the whole sample at 50% strain. In contrast, P3, containing 10
mol% of amide-containing alkyl chains, displays a much more uniform surface
morphology with nanoscale cracks starting to appear at 50% strain. Interestingly, P2 (5
mol%) showed a similar tolerance to strain. However, for both polymers, upon strain up to
100%, nanocracks began to appear and propagate, but their concentration remains very low
in comparison to the polymer without any hydrogen bonding moieties. As observed by
optical microscopy, the incorporation of higher contents of amide-containing side chains
for P4 led to the formation of larger nanoscale cracks at 50% strain. This observation can
be attributed to a molecular weight effect, given that P4 has a lower molecular weight than
P2 and P3. However, as observed previously, the surface morphology for P4 is still
smoother and presents a lower concentration of nanoscale cracks upon strain in comparison
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to P7 incorporating 20 mol% of linear dodecyl sideschains, which can be attributed to the
positive effect of the dynamic bonding with respect to strain dissipation.
As demonstrated for other π-conjugated systems, the mechanism responsible for
the enhancement of mechanical compliance can be complex and attributed to many factors,
including the presence of intermolecular dynamic hydrogen bonds between the polymer
chains, amorphous chain alignment, reduction of the overall thin films crystallinity, and
breakage of crystallites.26 Therefore, various types of characterizations were used to gain
insight into the enhancement of stretchability and strain relief mechanisms when amidecontaining moieties were incorporated to the DPP-based conjugated polymers. Firstly, the
degree of polymer chain alignment under strain was measured using polarized UV-Vis
spectroscopy (Figure 3.4a). It is important to mention that the measurements were
performed only with P1, P3 and P6 (10 mol%) due to P3 demonstrating the greatest
mechanical compliance by AFM and optical microscopies. The degree of polymer chain
alignment under strain was quantified using dichroic ratios, defined as α// / α⊥ , where α//
and α⊥ are absorption intensities measured with the polarization direction of light parallel
and perpendicular to the stretching direction, respectively. A dichroic ratio greater than 1
indicates polymer chain alignment upon strain and its value is expected to steadily increase
if no cracks are formed.33 When strain is released through crack formation, the dichroic
ratio becomes smaller. In some cases, the dichroic ratio may even relax to close to its initial
value of 1. For P1, without any dynamic bonding sidechains, the dichroic ratio increased
with strain, indicating polymer chain alignment (Figure 3.4a, red curve). However, a
progressive diminution of the rate of increase of the dichroic ratio is observed when more
than 50% strain is applied to the system. This indicates that P1 can dissipate strain by chain
alignment up to 50% strain. Upon further stress, the polymer becomes less stretchable and
begins to form cracks, which is consistent with the observations from optical microscopy
(Figure S3.3). In comparison, the dichroic ratio of P3 linearly increased to 3.3 as strain
increased to 125% (Figure 3.4a, blue curve). Again, this is consistent with the enhanced
stretchability of P3 at higher strains. This also indicates that the tensile energy is, at least,
partially dissipated through polymer chain alignment when amide-containing sidechains
are incorporated. Dichroic ratio of P6, incorporating 10 mol% of linear dodecyl sidechains
was also calculated (Figure 3.4a, black curve). Interestingly, in contrast to P3, which
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incorporated similarly shaped sidechains with amide moieties, P6 showed molecular
alignment up to 50% strain, followed by a decrease in dichroic ratio. This finding indicates
that despite having a very similar design to P3, P6 cannot dissipate the tensile energy upon
chain alignment after 50% strain, which is another indication of the influence of the amide
moieties on the final molecular stretchability. Dichroic ratio measurements and polarized
UV-vis spectroscopy results are summarized in supporting information, Figure S3.7 to
S3.12.

Figure 3.4 a) Dichroic ratios in function of applied strain for P1, P3 and P6, determined by
polarized UV-Vis spectroscopy and d) elastic modulus of P1 to P4, determined by Film-On-Water
tensile pull test. For details, see the Experimental Section.

As previously reported for amide-containing conjugated polymers, the
incorporation of hydrogen bonding moieties on the π-conjugated polymers highly influence
the solid-state morphology and chain packing.27 In fact, hydrogen bonding can induce a
mismatch in the sidechain aggregation, therefore reducing the overall long-range order in
the solid-state. This effect also has a marked influence on the elastic modulus of the
conjugated polymers. Therefore, the elastic modulus of polymers P1 to P4 was measured
by pseudo freestanding thin film tensile test (Figures 3.4b and S3.13).35 This technique, in
comparison to the commonly used “buckling method” has the advantage of being more
reproducible and independent of the substrate effect.36–38 Using pseudo freestanding thin
film tensile testin (FOW), the Young’s modulus of P1, (containing no dynamic bonding
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moieties) was found to be 200 MPa, which is in agreement with previously reported values
for similar π-conjugated polymers.18 In contrast, P2 and P3 containing respectively 5 mol%
and 10 mol% of amide-containing alkyl chains, were found to have a lower elastic modulus
than P1 (170 MPa for P2, 115 MPa for P3). Interestingly, this result indicates that, despite
increasing the dynamic crosslinking density of the polymer network through hydrogen
bonding, the incorporation of dynamic bonds in alkyl sidechains reduces the overall rigidity
of the polymer film, thus reducing the bulk elastic modulus. This remarkable reduction can
be attributed to a reduced crystallinity for polymers incorporating amide-containing
sidechains, which is in good agreement with previous reports on P1 to P4. X-ray diffraction
previously performed on these conjugated polymers showed a reduced solid-state
coherence length upon incorporation of amide-containing alkyl chains, deduced from an
increase in full width at half maximum (FWHM) of the (100) reflection.27 Therefore, the
defects in the sidechains aggregation caused by the hydrogen bonds can affect the polymer
solid-state packing, potentially resulting in a reduced crystallinity and an increase ratio of
amorphous polymer chains. Additionally, this can be correlated to the enhanced
stretchability for P2 and P3, as observed by optical microscopy and AFM experiments. To
confirm that the reduced elastic moduli for the amide-containing polymers results from
intermolecular hydrogen bonds and cannot be only attributed to the incorporation of linear
sidechains, the elastic moduli of control polymers P5 and P6 were also calculated, as
summarized in Table 3.1, and presented in Figure S3.14. As expected, the incorporation of
linear side chains (without amide moieties), increased the elastic modulus of the DPP-based
polymers, going from 203 MPa for 0 mol% to 325 MPa for 10 mol% dodecyl chains. Such
significant difference in Young’s moduli was also observed when the two lower molecular
weight polymers P4 (20 mol% amide side chains, 106 MPa) and P7 (20 mol% dodecyl
side chains, 320 MPa) were compared. This finding, combined with the previous
observation from optical microscopy, indicates that the incorporation of amide moieties
into the sidechains has an important influence on the polymer morphology and molecular
stretchability, which cannot be simply attributed to the presence of linear chains.
Table 3.1 Molecular weights, polydispersity index and elastic modulus of DPP-based
polymers P1 to P7.
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Mn

Polymer

(kDa

a

Mw
a

(kDa)

a

Ðw

b

Elastic
Modulus
c
(MPa)

P1 (0 mol%, functional sidechains)

46.9

101.5

2.1

203

P2 (5 mol%, amide sidechains)

36.5

98.7

2.7

170

P3 (10 mol%, amide sidechains)

37.6

85.2

2.3

115

P4 (20 mol%, amide sidechains)

10.1

23.3

2.3

106

P5 (5 mol%, linear sidechains)

52.3

170.3

3.3

340

P6 (10 mol%, linear sidechains)

52.2

186.1

3.6

325

P7 (20 mol%, linear sidechains)

18.1

41.7

2.3

320

Number-average molecular weight and weight-average molecular weight measured by high temperature gel

permeation chromatography in 1,2,4-trichlorobenzene at 140°C using polystyrene as standard; b Molecular
weight dispersity defined as Mw/Mn;

c

Elastic modulus determined by Film-on-water tensile pull tests, at

-4

strain rate of 2 x 10 /s. Film thickness between 50 to 70 nm, values averaged on 5 samples.

To confirm the trend in elastic modulus, nanoindentation by atomic force
microscopy was also performed (Figure S3.15). In line with previous results, upon
incorporation of amide-containing alkyl chains, the polymers’ elastic modulus decreased
from 1.70 GPa for P1 to 1.40 GPa for P4.35 This observation confirms the reduction of the
rigidity of the polymer network upon incorporation of dynamic bonds in alkyl side chains.
It is important to note that both techniques (FOW and nanoindentation) can lead to different
values of Young’s modulus.18 The specificities of both techniques for amide-containing
rigid conjugated polymers are currently under investigation.
To investigate the solid-state morphology of P1 to P4 and get insights on thin-film
crystallinity, grazing incidence wide angle x-ray scattering (GIWAXS) experiments were
performed.39 From the GIWAXS diffraction patterns shown in Figure S3.16, an edge-on
molecular packing with an out-of-plane (100) peak, which corresponds to the lamellar
stacking of the polymer, is observed for P1 to P4, confirming that the addition of amidecontaining alkyl sidechains do not significantly affect the packing motif. The observed
patterns are also in good agreement with previous reports in the literature.10,26
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As previously observed for these polymers, the incorporation of amide-containing
sidechains, enabling the formation of intermolecular hydrogen bonds, can disrupt the chain
packing in the solid-state and reduce the overall crystallinity of the films.27 To elucidate
the influence of hydrogen bonding on the long-range stacking order, the relative degree of
crystallinity (rDoC) was calculated for P1 to P4 from the pole figures extracted from the
(200) diffraction peak (Figure 3.5a). The analysis has been performed following a
previously reported procedure and we note that the rDoC of P1, containing no hydrogen
bonding, was set as 1.39,40 As previously observed for similar polymers, the FWHM
increased upon the incorporation of amide-containing alkyl chains.10,26,27 However, for P2
(5 mol%), the FWHM value is slightly decreased which confirms that, at low content, the
intermolecular hydrogen bonding can be beneficial to the polymer packing order. Despite
this observation, as expected, the rDoC values decreased with higher amount of amide
alkyl chains incorporated in the polymer. This finding indicates that the intermolecular
hydrogen bonding formed by adjacent amide sidechains causes a mismatch in the polymer
stacking, resulting in an increase in fraction of amorphous regions. This feature can explain
the trend in elastic modulus and is, therefore, very important for the enhancement of
stretchability and mechanical properties of P2 to P4. Following this characterization, the
molecular packing of P1 to P7 was also investigated by GIWAXS at 50% and 100%
elongation. Results are summarized in Figures S3.17 to S3.21. Interestingly, the position
of (100) peak did not show a significant difference upon stretching, as the fitting results
are very close and within the error. This observation indicates that, despite the application
of an external mechanical stress, the conjugated polymer molecular packing is not severely
affected. This also supports the hypothesis that the lower elastic modulus and reduced
crystallinity in P2 to P4 are responsible for the higher mechanical compliance, when
compared to P1 and P5 to P7.
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Figure 3.5 a) Pole figures for the (200) diffraction peak of P1 to P4 on OTS-treated substrates,
determined from grazing incidence wide angle X-ray diffraction patterns. The intensity is
normalized by exposure time and the irradiated volume for all samples. The sample thickness was
determined by AFM.; b) Relative degree of crystallinity of thin films versus the content of amidecontaining alkyl sidechains. The relative degree of crystallinity of P1 (0 mol%) was fixed as 1

Moreover, as shown in Figure S3.22 and S3.23, GIWAXS was performed at 20, 40
and 60% strain on P3 to probe for the influence of mechanical stress on the molecular
packing before formation of cracks. Independently of the strain applied to the polymer thin
films, the (100) alkyl chain packing distance showed no obvious difference. Moreover, the
peak at around 1.4 Å-1, attributed to π stacking distances, also showed no dependence to
the strain applied. These results, summarized in Table S1, indicate that the molecular
packing of the polymer crystallite is not influenced by mechanical deformation. Instead,
the amorphous region deformed upon stretching. Importantly, this observation has also
been reported in multiple similar systems, including conjugated polymers incorporating
linear sidechains and branched alkyl sidechains. 23,26,41
One key aspect of conjugated polymers is their utilization in electronic devices,
especially for field-effect transistors (FETs). Therefore, electrical characterization was
performed on the amide-containing polymers to gain insight on the effect of mechanical
strain on their electronic properties. As previously reported, P1 to P4 possess good
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electronic properties (charge mobility) when used in bottom gate top contact OFETs (Table
S2).27 To test the charge mobility upon strain, bottom gate top contact devices were
fabricated by stretching the polymer on PDMS at 50% and 100% strain elongation,
followed by a direct lamination on SiO2. The source/drain electrodes were then directly
evaporated onto the semiconducting layer. The charge carrier mobility was then measured
parallel to the strain applied. Given the enhanced stretchability of P3, this polymer was
selected for this investigation at 50% and 100% strain. Moreover, a comparison with
reference polymer P6 was also performed, and a summary of the results is presented in
Table 2.
Table 3.2 Average and maximum hole mobility (μhave, μhmax), threshold voltages (Vth),
Ion/Ioff, and ratios for OFETs fabricated from P3 and P6 at 50% and 100% strain elongation.
The device performances were averaged from 5 devices, from three different batches.
Charge mobility was measured parallel to strain direction.

Polymer
P3 (10 mol%
amide)
ε = 50%
P3 (10 mol%
amide)
ε = 100%

Annealing
Temperature W/L
[°C]

ave

μh

2

max

/ μh

-1 -1

[cm V s ]

ION/IOFF

as cast

20

0.0156±0.0002/0.0158

10

as cast

20

0.00015±0.00002/0.00016

10

P6 (10 mol%
dodecyl) ε = 50%

as cast

20

0.0081±0.0007/0.0086

10

P6 (10 mol%
dodecyl) ε = 100%

as cast

20

0.0045±0.0002/0.0046

10

ave

ave

Vth
[V]

6

-3.63

3

-11.25

5

-8.15

5

-14.85

The charge mobility observed for both polymers in FET devices are decent but far
from previously reported results with similar materials. This phenomenon can be attributed
to the direct lamination on SiO2. In contrast to commonly used OTS-functionalized SiO2,
silicon dioxide does not provide an optimal interface or semiconductor morphology for
charge transport, thus typically leading to lower mobility values. Moreover, the thin films
were not thermally annealed, which can also explain the lower mobility values.
Interestingly, P3 showed a better charge mobility in OFETs when stretched at 50% strain
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in comparison to P6, leading to mobility values of one order of magnitude higher for P3
than P6. Both polymers upon 50% strain showed good Ion/off ratios. This result is in good
agreement with the mechanical properties observed for both polymers (lower modulus and
higher crack-onset strain for P3). When P3 and P6 were stretched to 100% of their initial
length, both polymers showed a reduced charge mobility. This is also in good agreement
with the reported mechanical properties, which showed that both polymers formed large
microscale cracks at 100% strain. This characterization demonstrates the potential of
amide-containing conjugated polymers for stretchable devices. All device characteristics
for FETs are detailed in the Supporting Information (Figures S3.24).
In addition to an improved stretchability through reduction of thin-film
crystallinity, amide-containing alkyl chains (allowing for the formation of dynamic
supramolecular interactions between the rigid polymer chains) also gives access to an
intrinsic regeneration of the morphology after damage. In contrast to previous approaches
using dynamic bonding moieties directly in the polymer backbone, such as breaking the πconjugation, the current design gives access to such dynamic interactions without
compromising the π-delocalization, which can be greatly beneficial for the charge
transport. To gain further insight regarding this interesting property, the healing of P1 and
P4 was investigated in the solid-state by using various characterization methods. First, thin
films obtained after spincoating are transferred on a soft PDMS substrate. The materials
are then stretched to 100% elongation, followed by a release of the strain. Finally, the
resulting damaged polymers are transferred back onto SiO2, followed by a mild healing
treatment, which includes exposure to solvent vapour (chlorobenzene, 40°C for 10
minutes) and thermal annealing (150°C for 30 minutes), to promote chain mobility and
molecular reconnections (Figure 3.6).
The regeneration of the microscale morphology for P1 to P4 was investigated by
optical microscopy. The results are summarized in Figures 3.6 and S3.25. After being
damaged, P1, containing no dynamic bonding moieties on the alkyl side chains, showed
several large microcracks, even after the strain had been released (Figure 3.6a).
Interestingly, after exposure to chlorobenzene vapour and thermal annealing for 30 min.,
the cracks are still observable and do not seem to be reduced in width (Figure 3.6b). This
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result indicates that, even if the polymer chains are subjected to a treatment promoting the
segmental mobility and phase reconnections, these are not important enough to regenerate
the initial morphology. As previously observed, P2 (5 mol% of amide-containing alkyl
chains) showed an enhancement of the stretchability; upon 100% strain elongation and
release, the polymer showed microcracks with a significantly reduced width. However,
upon healing treatment, microcracks were still observed. Therefore, despite causing an
improvement of the microscale morphology upon strain, the incorporation of a low amount
of dynamic intermolecular interactions on the polymer sidechains (5 mol%) is not able to
regenerate the morphology. When further amide-containing alkyl chains were introduced
on the DPP-based conjugated backbone (P3, 10 mol%), a restoration of the microscale
morphology after healing is observable (Figure 3.6e). Upon solvent vapour exposure and
thermal annealing, the resulting thin films showed a uniform morphology without any
microscale cracks. This result can be attributed to the reformation of the dynamic
intermolecular bonding between the sidechains, which is promoted by chain segmental
mobility. A similar healing of the damaged thin films (Figure S3.25) was also observed
when 20 mol% of amide-containing alkyl chains are introduced to the polymer sidechains
(P4). For both P3 and P4, the healed films showed the formation of some aggregates,
potentially due to an enhanced crystallinity after thermal and solvent annealing. These
examples of healable conjugated polymers are particularly interesting given that this
phenomenon happens at low concentration of dynamic bonds (from 10 to 20 mol%) and
without the incorporation of conjugation-breaking spacers. To confirm the influence of the
intermolecular hydrogen bonding, the healing treatment utilized with P1 to P4 was also
applied to a damaged film of P6, incorporating 10 mol% of linear dodecyl chains. In
contrast to P3, P6 showed large microcracks after applying 100% strain and release, as
observed by optical microscopy (Figure S3.26). After the healing treatment, the
microcracks were still observable, confirming that the incorporation of linear sidechains is
not entirely responsible for the enhancement of the molecular stretchability and healing
properties.
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1) Solvent annealing
2) Thermal annealing

1) 100% strain
2) Release

Pristine film

Healed film

Damaged film

a

b

c

d

e

f

80 nm

0 nm

Stretching direction

Figure 3.6 Healing property of polymers with hydrogen bonding side chains. The schematic
process for stretching and healing is shown on the top. Healing treatment and optical microscopy
of a) damaged film of P1 (0 mol% of H-bonding alkyl chains) and b) after exposure to
chlorobenzene vapours and thermal annealing; c) AFM height profile of P1 (0 mol% of H-bonding
alkyl chains) after exposure to chlorobenzene vapours and thermal annealing; d) optical microscopy
of P3 (10 mol% of H-bonding alkyl chains) after damage and e) optical microscopy of P3 after
exposure to chlorobenzene vapours and thermal annealing; f) AFM height profile of P3 (10 mol%
of H-bonding alkyl chains) after exposure to chlorobenzene vapours and thermal annealing. Scale
bar for optical microscope images is 20 µm.

Following the initial investigation of the healing process at the microscale and
given that P3 and P4 showed healing at the microscale, these two polymers were further
investigated by using AFM to visualize the regeneration at the nanoscale level (Figure
S3.27a-b). At the nanoscale, both P3 and P4 showed nanoscale cracks, indicating that the
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healing treatment via solvent and thermal annealing is not efficient enough to completely
restore the initial morphology. However, the resulting nanoscale cracks are significantly
smaller than for P1, P5, and P6 as most cracks are no longer propagated through the entire
thickness of the film. These “scars” indicate a successful partial healing of the initial
morphology, which was not observed for P1, P2, P5 and P6. This partial healing at the
nanoscale can be explained by different factors. First, the lower Young’s modulus of P3
and P4 can increase the segmental mobility of the polymer chains (slightly less rigid), thus
promoting filling of the cracks upon thermal and solvent annealing. Secondly, the hydrogen
bonding moieties, present at higher concentration in P3 and P4, can also play a role by
favouring reconnection of the damaged zones. Further characterizations are currently
ongoing to unveil the healing mechanism, and to assess the physical and electronic
properties of the conjugated polymers after healing.

3.3 Conclusion
In conclusion, the introduction of amide-containing alkyl chains in conjugated
DPP-based polymers is a simple and straightforward strategy to modify the thin film’s
morphology and modulate the stretchability and elastic modulus of conjugated materials.
As observed by various characterization techniques, amide-containing sidechains reduce
the crystallinity of the polymer thin films. Furthermore, polarized UV-Vis spectroscopy
showed that the reduction in crystallinity allows for a better amorphous chain alignment
upon strain, and a reduction of the elastic modulus was also observed by film-on-water
tensile pull test and nanoindentation. At low amounts of amide moieties in the sidechains,
the DPP-polymers showed a remarkable improvement of the molecular stretchability. P3,
containing 10 mol% of amide sidechains, was stretched to 75% strain without showing any
signs of crack formation at the microscale. In addition to an improved stretchability, the
amide-containing polymers also showed healing properties after being damaged and healed
through a mild treatment promoting chain mobility and phase reconnection. Initial
investigation of the healing properties showed that polymers P3 (10 mol%) and P4 (20
mol%) were healed after damage and treatment, as confirmed by AFM.
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These results show that sidechain engineering with hydrogen bonding moieties is a
promising strategy to design and develop new stretchable conjugated polymers, with
innovative properties such as healing. Furthermore, in contrast to other approaches
incorporating conjugation-breaking units in the conjugated backbone or insulating, low Tg
amorphous polymer sidechains, this novel approach does not significantly alter the πconjugation (electronic properties), thus allowing for both mechanical compliance and high
charge mobility. The utilization of the new amide-containing conjugated materials in
organic field-effect transistors and the complete characterization of their charge transport
properties upon strain and healing, as well as durability upon multiple strain cycles, are
currently being investigated.

3.4 Supporting Information
3.4.1 General
Materials
Conjugated polymers P1 to P4, incorporating various ratios of amide-containing alkyl
chains, have been prepared following a previously reported procedure.27 Conjugated
polymers P5 to P7, incorporating various ratios of dodecyl alkyl chains, have been
prepared using an adapted procedure, previously reported for DPPTT conjugated
polymers.10
3.4.2 Materials Characterization
UV Visible spectroscopy was performed on a Varian UV/Visible Cary 50
spectrophotometer. The surface structure of polymer film was obtained using a Multimode
atomic force microscope (AFM, Digital Instruments) operated in the tapping mode at room
temperature. Images were collected using Nanoscope 6 software and processed using
WSxM 5.0 Develop 8.0 software. The surface mechanical properties (elastic moduli) were
characterized by PeakForceTM tapping mode (Dimension Icon, Bruker). Grazing incidence
wide angle X-ray scattering (GIWAXS) was performed at the Canadian Light source at
beamline HXMA. The X-ray wavelength was 0.9758 Å or a beam energy of 12.7 keV. The
incidence angle of X-ray was set at 0.12. The sample to detector distance is about 150 mm.
Numerical integration of the diffraction peak areas was performed using the software fit2d.
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Investigation of the molecular packing of the polymers upon strain was performed by
GIWAXS with a Xenoc Zeuss 2.0 SAXS/WAXS instrument, and a LogPoly5 fitting
method was used to examine the results. The thicknesses of all the films ranged between
60 to 100 nm, as measured by AFM. All the measurements of the transistors were
conducted using a Keithley 4200 semiconductor parameter analyzer (Keithley Instruments
Inc.) under dry N2 (glovebox) and ambient atmosphere at room temperature.
Soft lamination procedure
A previously reported procedure was utilized.13,33 Briefly, 3 mg of conjugated polymer
were dissolved in 1 ml of chlorobenzene by heating at 80°C for 12 hours. The solution was
then deposited on OTS-treated silicon wafer by spin-coating and the resulting thin film was
transferred to a PDMS substrate. Following transfer on PDMS, the thin-film was stretched
at different strain ratios and transferred back to a silicon wafer by physical contact.
Dichroic ratio measurements
After transfer of the conjugated polymer film on PDMS, the sample was directly stretched
at different strain ratios. The sample was, then, fixed on a glass substrate (using doublesided adhesive tape) and directly used for polarized UV vis measurements. The dichroic
ratio was calculated by dividing the absorbance at 0° (parallel to the strain direction) with
the absorbance at 90° (perpendicular to the strain direction). Stretched PDMS samples were
used as blank.
Determination of the Young’s modulus by Film-on-Water (FOW) Tensile Pull Test
Solution of P1 to P7 (5 to 8 mg/mL) were prepared and spin-casted on prime Si wafers
pre-coated with poly(sodium 4-styrenesulfonate) (PSS) as a sacrificial layer. The samples
were then patterned into a dog-bone shape using a PDMS mask and oxygen reactive ion
etcher (Diener Inc.). The samples were immerged in a water bath to dissolve the PSS layer
and float the film. The floated thin films were directly used for tensile pull test at a strain
rate of 2 x 10-4 sec-1. The detailed tensile stage set-up can be found in previous reports.42–
44

The elastic modulus was fitted using the first 0.5% strain. At least five samples were
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tested, and the stress-strain curves shown in Supporting Information are the representative
curve for each polymer.
Determination of the Young’s modulus by AFM nanoindentation
Solution of P1 to P4 (3 mg/mL in chlorobenzene) were prepared and spin-casted on OTStreated SiO2. The samples were first imaged by atomic force microscopy (AFM). Following
the initial mapping, AFM was set in tapping mode using the following parameters for
nanoindentation: peak force setpoint = 100 nN, spring constant: 41.8 N/m, tip radius = 8.0
nm and sample Poisson’s ratio = 0.3.45
Healing procedure
Using the soft lamination procedure, thin films of conjugated polymers were stretched at
100% strain and relaxed to induce crack formation. The thin films, after being transferred
back to a silicon substrate, were exposed to solvent vapour in a closed jar (chlorobenzene,
10 min. at 40 °C). Following the solvent vapour treatment, samples were thermally
annealed at 150 °C for 30 min.
FET Device Fabrication and Characterization: FET devices were fabricated on highly
doped n-type Si(100) wafer with a 300 nm thick SiO2 functionalized with an noctadecyltrimethoxysilane (OTS) self-assembled monolayer, according to the reported
method.34 For the stretched polymer films, the materials were laminated onto SiO2
substrates from PDMS, and directly used for OFETs fabrication. The thickness was
controlled at ~40 nm from prepared polymer solutions in chlorobenzene (3 mg mL−1). The
thermal annealing process was carried out inside a N2-filled glove box. A top-contact gold
electrode (70 nm) was subsequently deposited by evaporation through a shadow mask with
a channel length (L) and width (W) defined as 50 and 1000 μm, respectively.
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Figure S3.1. a) Variable Temperature (VT) NMR spectra of polymer P4, containing 20 mol% of
amide-containing alkyl chains, in 1,1,2,2-tetrachloroethene-d2; b) VT-NMR spectra of P4 in
1,1,2,2-tetrachloroethene-d2 zoomed on the amide region.

Figure S3.2. FTIR spectra of P1 to P4 in thin films, zoomed on the NH stretching region.
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Figure S3.3. Optical microscopy images of P1 to P4 stretched at ε = 50 and 100%. Images of P1
have been recorded on dark field for clarity. Scale bar is 20 μm.
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Figure S3.4. Optical microscopy images of P5 to P7 stretched at ε = 50 and 100%. Scale bar is
20 μm
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Figure S3.5. Crack-onset strain for polymer P1 to P4, incorporating 0 to 20 mol% of amide
containing alkyl chains, as measured by soft-contact lamination on PDMS and SiO2.

Figure S3.6. Atomic force microscopy (AFM) height profiles of P1 to P4 at 50% strain. Scale bar
is 2 μm.
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Figure S3.7. Polarized UV-vis spectra of P1 stretched at different strains, with the polarization
direction of light parallel (0°, black curve) and perpendicular (90°, red curve) to the stretching
direction.

Figure S3.8. Dichroic ratios measured for P1 at various strain. The dichroic ratio is defined as α//α.
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Figure S3.9. Polarized UV-vis spectra of P3 stretched at different strains, with the polarization
direction of light parallel (0°, black curve) and perpendicular (90°, red curve) to the stretching
direction.

Figure S3.10. Dichroic ratios measured for P3 at various strain. The dichroic ratio is defined as α//
/ α.
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Figure S3.11. Polarized UV-vis spectra of P6 stretched at different strains, with the polarization
direction of light parallel (0°, black curve) and perpendicular (90°, red curve) to the stretching
direction.

Figure S3.12. Dichroic ratios measured for P6 at various strain. The dichroic ratio is defined as α//
/ α.
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Figure S3.13. Stress vs strain curves for polymer P1 to P4, as measured by Film-on-Water (FOW)
Tensile Pull Test. Strain rate of 2 x 10-4/s, averaged on 5 samples. Sample thickness of 50 nm.

Figure S3.14. Stress vs strain curves for polymer P5 to P7, incorporating 5 to 20 mol% of linear
dodecyl side chains, as measured by Film-on-Water (FOW) Tensile Pull Test. Strain rate of 2 x 104

/s, averaged on 5 samples. Sample thickness of 50 nm.
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Figure S3.15. Elastic modulus of P1 to P4, determined by nanoindentation with AFM. Film
thicknesses ranged from 40-60 nm, as determined by AFM.

Figure S3.16. Grazing incidence XRD patterns of P1 to P4 spin-cast on OTS-treated SiO2
substrate.
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Figure S3.17. Grazing-incidence X-ray diffraction of a) P1 to P4, and b) P1 and P5 to P7.

Figure S3.18. Grazing-incidence X-ray diffraction of stretched films of P1 to P4 at 50% and 100%
strain elongation.
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Figure S3.19. Grazing-incidence X-ray diffraction of stretched films of P1 and P5 to P7 at 50%
and 100% strain elongation.
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Figure S3.20. Grazing incidence XRD patterns of P1 to P4 spin-cast on SiO2 substrate, at 50% and
100% strain elongation.

Figure S3.21. Grazing incidence XRD patterns of P5 to P7 spin-cast on SiO2 substrate, at 50% and
100% strain elongation.
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Figure S3.22. Grazing-incident X-Ray diffraction (GIXD) of P3 from 0 to 60% strain, measured a)
out of plane and b) in plane.

Figure S3.23. Grazing incidence XRD patterns of P3 spin-cast on SiO2 substrate, from 0 to 60%
strain elongation.
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Table S3.1. GIXD results for P3 from 0 to 60% strain elongation

Table S3.2. Previously reported average and maximum hole mobility (μhave, μhmax),
threshold voltages (Vth), Ion/Ioff, and ratios for OFETs fabricated from P1 to P4 before and
after thermal annealing.1 The device performances were averaged from 20 devices, from
four different batches. a Evaluated by AFM.
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Figure S3.24. Transfer curves of FET devices from a) P3 at 50% strain elongation, b) P3 at 100%
strain elongation, c) P6 at 50% strain elongation, and d) P6 at 100% strain elongation. All devices
were fabricated on SiO2 from laminated stretched polymer film, without annealing treatment. Drain
voltage = -60V
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Figure S3.25. Optical microscope images of a) damaged thin films of P1 to P4 (100% strain applied
and released before transfer on SiO2) and b) Thin films of P1 to P4 after exposure to solvent vapour
(chlorobenzene) and thermal annealing for 30 minutes. Scale bar, for all images, is 20 μm

Figure S3.26. a) Optical microscope images of a) damaged thin films of P6, containing 10 mol%
of dodecyl sidechains (100% strain applied and released before transfer on SiO2); b) Optical
microscope images of damaged thin films of P6, containing 10 mol% of dodecyl side-chains in
dark field (100% strain applied and released before transfer on SiO2); c) Optical microscope images
of thin films of P6 after exposure to solvent vapour (chlorobenzene) and thermal annealing for 30
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minutes and d) optical microscope images of thin films of P6 in dark field after exposure to solvent
vapour (chlorobenzene) and thermal annealing for 30 minutes. Scale bar for all images is 20 μm

Figure S3.27. Height images and profiles, determined by AFM, of a) Thin films of P3 after
exposure to solvent vapour (chlorobenzene, 10 min. at 40 °C) and thermal annealing (30 min. at
150 °C), and b) Thin films of P4 after exposure to solvent vapour (chlorobenzene, 10 min. at 40
°C) and thermal annealing (30 min. at 150 °C). Scale bar is 2 μm.
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4.1 Introduction
π-Conjugated materials, particularly conjugated polymers, have been the source of
extensive developments in the past few decades due to their good charge transport, solution
processability, and promise for flexible, large-area and low-cost production of organic
electronics, including organic photovoltaics (OPVs), organic light-emitting diodes
(OLEDs) and organic field-effect transistors (OFETs).1–4 The ability to synthesize tailormade and molecularly-engineered building blocks has allowed for the creation of numerous
materials with a wide range of electronic and mechanical properties.5–7 For OFETs,
backbone and sidechain engineering of semiconducting conjugated polymers have been
very promising and popular approaches to design and synthesize materials with tunable
electronic properties and improved stability.8,9 Among others, the design of donor-acceptor
(D-A) conjugated polymers has emerged as a common and effective strategy for achieving
high-performance semiconducting materials by modulating the optical and electronic
properties.10,11 The molecular orbital interaction between the electron deficient and electron
rich units results in greater backbone planarity by bringing the π-orbital network into
greater alignment, allowing for improved π-delocalization. To this end, many electron
deficient compounds have been synthesized to create materials that incorporate this D-A
motif.12–14 Building blocks such as diketopyrrolopyrrole (DPP), isoindigo (iI), indigo,
benzothiadiazole (BT) and their derivatives have been used as acceptor co-monomers in
D-A semiconducting polymeric materials.10,15 Recently, certain moieties have been
introduced to conjugated polymers to promote intramolecular interaction and planarization
of the π-conjugated polymers. These so-called conformational locking units have shown
great capacity for producing semiconducting materials with improved charge transport and
electronic properties.16,17 Mostly through exploiting stabilizing noncovalent interactions
between the heteroatoms contained in π-conjugated moieties (fluorine-sulfur, oxygensulfur, etc.), various systems have been reported to influence and enhance charge transport
in organic electronics.18 For example, Woo et al. successfully tuned the charge transport of
benzotriazole-containing polymers in OFETs through the addition of fluorine or alkoxy
moieties.17 Similarly, Pei et al. reported the preparation of high-performance n-type
polymers for OFETs with embedded nitrogen-containing π-conjugated units to promote
planarization of the backbone through nitrogen-sulfur noncovalent interactions.19 Despite
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the efficiency of this approach to control the electronic properties of π-conjugated
polymers, the synthetic complexity resulting from the incorporation of such
conformational locks can limit the large-scale production of the semiconducting materials.
Therefore, the development of novel, efficient, and simple conformational locking units is
still desirable to develop new semiconducting materials and improve the performance of
thin film transistors and related applications.
Further still, the use of dynamic interactions in conjugated polymer semiconductors
has been shown by our group and others to be an effective strategy to impart molecular
stretchability.20–23 These noncovalent interactions have demonstrated their capacity to act
as tensile strain dissipating moieties through disruption of long-range crystallinity and
increasing the amorphous content within the material’s thin film morphology. For example,
previous reports by Bao and co-workers have shown the effect of incorporating hydrogenbond enabled pyridine dicarboxamide (PDCA) units as conjugation-break spacers in the
backbone of DPP-based polymers to impart intrinsic stretchability, though at the cost of
electronic performance at increased PDCA incorporation.24 Our group further explored this
strategy through sidechain engineering by incorporating amide-containing solubilizing
sidechains into DPP-based polymers.25 Similarly, we accomplished an enhancement in
stretchability and, in contrast to the work presented by Bao and co-workers, able to
maintain the electronic properties at higher ratios of incorporation. These two strategies in
particular used intermolecular interactions between conjugated backbones to elicit an
improvement in the mechanical properties; though, the effect of directing these interactions
along the backbone instead (to potentially and concomitantly enhance mechanical and
electronic performance) has yet to be explored.
Herein, we report the design and synthesis of a new donor-acceptor semiconducting
polymer incorporating thiophene-flanked pyrazine electron donating moieties. Density
functional theory (DFT) calculations performed on the materials revealed that pyrazine
moieties in the conjugated polymer act as conformational locking units due to a nitrogensulfur interaction between the central pyrazine unit and flanking thiophene units, thus
providing a favourable planar configuration to the π-conjugated backbone. The synthesized
materials showed good charge mobilities in thin film transistors, as well as improved
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mechanical compliance through film-on-elastomer measurements as compared to its
phenyl analogue. More importantly, the devices built from the new pyrazine-containing
materials showed an improved stability when compared to a reference polymer containing
only thiophene moieties and to a benchmark polymer commonly used in organic
electronics. This new design for semiconducting polymers opens new opportunities for the
fabrication of high-performance electronic devices and gives access to a new synthetic
strategy toward π-conjugated materials with improved planarity through conformational
locking.

4.2 Results and Discussion

Scheme 4.1 Synthetic pathway to pyrazine-containing semiconducting polymer P(DPPTPyT).

The synthetic pathway to pyrazine-containing semiconducting polymer P(DPPTPyT) is depicted in Scheme 4.1. Starting from commercially available 1,4dibromopyrazine, compound 1 was prepared through Stille coupling with 2(tributylstannyl)thiophene in good yield (49%). Compound 2 was then synthesized through
reaction with LDA in THF at -78 oC and subsequent quenching with trimethyltin chloride
(21% yield). Following the synthesis of compound 2, the Stille polycondensation with the
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dibrominated DPP-based monomer was performed to afford pyrazine-containing polymer
P(DPP-TPyT). The resulting polymer was purified by successive Soxhlet extraction with
methanol, acetone, and hexanes, and was collected in chlorobenzene, followed by
precipitation, and drying under vacuum. A detailed synthetic procedure can be found in the
Supporting Information. The choice of pyrazine as conformational lock has been made for
several reasons. First, nitrogen-sulfur noncovalent interactions have been shown to be
especially effective for controlling the planarity in π-conjugated materials.26,27 More
specifically, various pyrazine-like building blocks have been designed recently and were
used in high-performance semiconducting polymers for organic electronics.28,29
Furthermore, the design of co-monomer 2 is simple and easily accessible synthetically in
good yields. Finally, the use of simple pyrazine moieties and polymer preparation through
random copolymerization is highly tunable, thus opening a window for the design of
various π-conjugated polymers with tunable properties.
Upon synthesis of pyrazine-containing polymer P(DPP-TPyT), density functional
theory (DFT) calculations by Gaussian 09 were performed on all three possible planar
conformations of compound 1 using the B3LYP-D3 basis set.30–32 This allowed us to gain
insight into the novel monomer’s 3D structure and backbone planarization induced by
noncovalent sulfur-nitrogen interactions. The dispersion-corrected functional was used due
to its accuracy at describing noncovalent interactions at little additional computational cost,
which showed good results with other systems.33–35 Additionally, the frontier molecular
orbital (FMO) energy levels were calculated and the theoretical HOMO, LUMO and
bandgap values for the optimized tetramer are given in Table S4.1. As shown in Figure
4.1a, the HOMO is mostly dominated by the thiophenes along the backbone, whereas the
LUMO is delocalized across the entire repeat unit. This indicates that the thiophenes act as
electron donating moieties in contrast to the pyrazine and DPP segments, which act as
electron acceptors. After geometry optimization, a two-coordinate potential energy scan of
both dihedral angles of compound 1 was performed to do a conformational search on the
most stable configuration of the thiophene-flanked pyrazine compound. Based on the
resulting potential energy surface, the most stable conformation is when both nitrogen and
both sulfur atoms are cis to one another, as shown in Figure 4.1b, which is 1.71 kcal/mol
more stable than the trans conformer. This result suggests that a moderate conformational
136

lock phenomenon exists, which can assist in improving backbone planarity. The
electrostatic potential distribution shown in Figure 4.1c indicates that the electron density
is mainly localized on the electron deficient DPP and pyrazine groups. The FMO
distribution diagrams for the repeat unit and the tetramer are given in Figures 4.1c and
S4.1, respectively.

Figure 4.1 a) B3LYP-D3/6-31G(d,p) calculated HOMO (left) and LUMO (right) energy levels of
P(DPP-TPyT) repeating unit. The branched alkyl chains are replaced by methyl (-CH3) caps to
reduce computational cost, as the electron density is mainly distributed along the π-conjugated
backbone; b) 2-coordinate potential energy surface of both dihedral angles of compound 1. The
0,0-degree conformation is the initial ground state geometry. The cis conformer is at a global energy
minimum and is found at the lowest energy. The highest energy conformation is shown at the
maxima located at the top. The trans conformer is at a minimum energy saddle point located in the
center, and c) electrostatic potential map of the repeat unit showing the concentration of electron
density on the DPP and pyrazine acceptor units. Colour code: yellow = sulfur, blue = nitrogen, grey
= carbon and white = hydrogen.
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Table 4.1 Molecular Weights, Polydispersity, Optical Properties, Energy Levels and
Decomposition Temperatures of p(DPP-TPyT)
Mn
(kDa)
P(DPP-

24.6

Mw
a

(kDa)
55.0

a

ᴆ wb
2.24

λmax

λmax

Egopt

c
(soln)

(film)

c

(eV)

d

780

785

1.46

HOMO
(eV)

e

-5.29

LUMO

Td

f

( C)g

-3.83

>350

(eV)

o

TPyT)
a

Number-average molecular weight and weight-average molecular weight estimated by high-temperature

gel-permeation chromatography in 1,2,4-trichlorobenzene at 180 °C using monodisperse polystyrene
standards. b Polydispersity defined as Mw/Mn. c Absorption maxima determined in solution and thin film.

d

Optical bandgap calculated using the equation: bandgap = 1240/λ onset of absorption. e Calculated by cyclic
voltammetry. f Estimated from calculated Egopt and HOMO. g Determined by thermogravimetric analysis.

The structure of P(DPP-TPyT) was confirmed by 1H NMR at 120 °C in deuterated
1,1,2,2-tetrachloroethylene-d2 (TCE), and showed important similarities with other DPPbased conjugated polymer as detailed in the Supporting Information.33,36,37 Physical
characterization of the new polymer containing pyrazine moieties was performed by
various techniques, and the results are summarized in Table 4.1. As measured by sizeexclusion chromatography (SEC) in 1,2,4-trichlorobenzene at 180 °C, the new polymer has
a high molecular weight (24.6 kDa) and is weakly aggregating in solution, as demonstrated
by a relatively low dispersity index. Based on thermogravimetric analysis, the thermal
decomposition temperatures (measured at 5% weight loss) of P(DPP-TPyT) was higher
than 350 °C. UV-visible spectroscopy was used to gain information on the HOMO/LUMO
levels and bandgap. UV-vis spectroscopy was also used to obtain information about the
optical properties of the new DPP-based conjugated polymer P(DPP-TPyT) and the results
are summarized in Figure S4.4. As expected, in both the solid state and solution, two
distinct bands between 550 and 850 nm corresponding to the formation of donor-acceptor
charge transfer complexes can be observed.38,39 Finally, an absorption maximum between
400 and 550 nm can also be found, which can be associated to the π-π* transition.
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Figure 4.2 Atomic force microscopy a) height, and b) phase images of P(DPP-TPyT) in thin film
spin-coated and annealed on OTS-modified SiO2/Si substrate. Scan size = 3 µm, scale bar = 500
nm.; Grazing incidence X-Ray diffraction (GIXRD) c) 2D detector pattern; d) out-of-plane (left),
and in-plane (right) profiles of P(DPP-TPyT) in thin film spin-coated and annealed on OTSmodified SiO2/Si substrates.

The thin film morphology of P(DPP-TPyT) at the nanoscale was probed by atomic
force microscopy (AFM), and results are summarized in Figures 4.2a-b. To get a
representative picture of the morphology in organic field-effect transistors (OFETs), the
polymer was directly investigated in the device’s channel after fabrication. P(DPP-TPyT)
coated on OTS-functionalized SiO2 substrates showed a relatively smooth surface with a
fibrillar morphology and large crystalline domains. This morphology, also observed for
other semiconducting polymers, is typically desired for optimal charge transport and
confirm that, despite having some influence on backbone planarization, the pyrazine
moieties do not significantly affect the thin film morphology.40–42 To gain further insight
on the nanomorphology of P(DPP-TPyT) and film crystallinity, grazing-incidence x-ray
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diffraction (GIXRD) was performed on the new semiconducting polymer spin-casted on
OTS-SiO2/Si substrates after thermal annealing at 150 °C. The 2D detector images and the
in- and out-of-plane profiles are shown in Figure 4.2c-d.Of note, P(DPP-TPyT) showed
high crystallinity with several well-defined reflections (up to the (300) reflection peak).
The strong (100) reflection peak corresponds to an interlamellar spacing of 21.33 Å. There
is also a (010) diffraction peak along the qxy axis that corresponds to a spacing of 3.50 Å,
which can be attributed to the polymer π-stacking distance. The results and crystallographic
parameters are summarized in Table S4.2.

Figure 4.3 a) Transfer (VDS = -60 V) and b) output characteristics of P(DPP-TPyT) c) transfer
characteristics of P(DPP-TPyT) under bias stress= -3 V and VDS = -60 V for a total of 10 minutes
and d) the change in drain current as a function of time during bias stress testing. Measurements
were taken at 300 second intervals, at which point, a transfer curve was recorded (VDS = VGS = -60
V)

140

To assess the semiconducting performance of the new pyrazine-containing polymer
P(DPP-TPyT), bottom-gate bottom-contact (BGBC) organic field-effect transistors
(OFETs) were fabricated. Despite bottom-gate, top-contact (BGTC) architecture being
known to minimize the contact resistance and typically allowing for higher charge
mobilities, a BGBC architecture was selected due to its ease of fabrication (pre-patterned
substrate) and compatibility with large-scale device fabrication (minimal exposure of the
device components to solvents and chemicals).43,44 To probe for the specific influence of
pyrazine moieties on the charge transport properties, OFETs were also fabricated from a
reference polymer, namely P(DPP-T3), containing only thiophene moieties in the πconjugated

backbone.45

Moreover,

comparison

with

a

benchmark

polymer,

namely diketopyrrolopyrrole-thieno[3,2-b]thiophene copolymer (P(DPP-TT)), was also
performed to get better insight on the efficiency of the new system.46,47 Finally, we
compared the performance of our novel polymer containing pyrazine moieties with a
previously reported polymer using a phenyl ring in its stead.43 The experimental procedure
for the fabrication of the devices is detailed in the Supporting Information. Briefly, the
polymer was dissolved in chlorobenzene (5 mg/ml) and stirred overnight at 100 oC. The
solution was then spin-coated onto a gold pre-patterned bottom-gate, bottom-contact
silicon wafer, functionalized with n-octadecyltrichlorosilane (OTS).48 Mobilities were
extracted by linear fitting of the IDS1/2 vs VGS transfer curves in the saturation regime, using
the following equation: IDS(sat) = (WC/2L)µsat(VG–Vth)2. The results obtained for both
polymers are summarized in Figure 4.3 and Table 4.2.
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Table 4.2 Average and maximum hole mobility (µhav,µhmax), annealing temperatures,),
threshold voltages (Vth), and Ion/Ioff current ratios for OFETs fabricated from P(DPPTPyT), P(DPP-T3) and P(DPP-TT). Results are average from 4 devices.
Annealing
Polymer

Temperatu

µhav/µhmax (cm2V-1s-1)

500

0.06/0.09± 0.02

105
7

re (oC)
P(DPP-TPyT)
P(DPP-TPT)49
P(DPP-T3)
P(DPP-TT)

as cast

Ion/

W/L

Ioff

Vthave (V)

-5.6

150

500

0.27/0.29 ± 0.03

10

150

500

0.041 ± 0.012

105

-31

10

4

-2.8

10

3

-1.3

150
150

500
500

0.19/0.20 ± 0.01
0.34/0.35 ± 0.01

-12.3

All polymers showed typical transfer and output characteristics for organic thin
film transistors. Interestingly, P(DPP-TPyT) showed an average hole mobility of 0.06
cm2V-1s-1 and a high on/off ratio of 105 before annealing. However, upon thermal annealing
at 150°C, the average hole mobility was increased to 0.27 cm2V-1s-1 and the on/off ratio
increased to 107. This is a significant improvement when compared to the similar molecular
weight benzene analogue reported by Mueller et al. in 2015, showing a field-effect mobility
of only 0.041 cm2/Vs, a much higher threshold voltage of -31V and a lower device
resolution of 105.49 To get further insight on the direct effect of the pyrazine moieties on
charge transport, comparison with OFETs fabricated from P(DPP-T3), having the same
number of isolated aromatic units and similar molecular weight (Mn = 25.6 kDa), was
performed.45 Interestingly, P(DPP-T3) showed a lower field-effect mobility (0.19 cm2V1 -1

s ) and a lower on/off ratio (104), as shown in Table 4.2 and Figure S4.6. This difference

in performance can be attributed to the improved backbone planarity enabled by the
supramolecular interaction between the nitrogen and sulfur of the TPyT unit, thus creating
an intramolecular locking effect. It is important to mention that the lower mobility of
P(DPP-T3) polymer when compared to other reports is likely due to the difference in
device architecture; the smaller contact area in BGBC devices creates higher contact
resistances which potentially leads to lower extrapolated mobility using the MOSFET
equation.

142

Figure 4.4 Contact resistance extrapolation; a) RmW vs channel length for different values of VGS
at constant VDS of -3 V for P(DPP-TPyT); b) parameter B vs. A to determine RDSW (Ωcm) for
P(DPP-TPyT); c) RmW vs channel length for different values of VGS at constant VDS of -3 V for
P(DPP-TT), and d) parameter B vs. A to determine RDSW (Ωcm) for P(DPP-TT).

As detailed in the Supporting Information, the contact resistances of P(DPP-TPyT)
and P(DPP-TT) annealed at 150 oC were extracted using the TLM model by measuring
the transfer characteristics in the linear region at different channel lengths.50 Despite the
device architecture, the new pyrazine-containing polymer exhibited lower contact
resistance as indicated by the linear increase in drain current at low drain voltages in its
output curves. As calculated by the TLM model, P(DPP-TT) (Mw ~ 40-60 kDa), has a
contact resistance of 2225 Ω whereas P(DPP-TPyT) has a significantly lower contact
resistance of 1040 Ω. (Figure 4.4). This result suggests that the utilization of P(DPP-TPyT)
results in better charge injection properties between the gold contacts and the
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semiconducting channel when compared to P(DPP-TT). The OFET device was also
subjected to bias-stress measurements, showing essentially no changes or shifts in the
transfer characteristics. This feature in P(DPP-TPyT) is similar to the high stability
displayed by P(DPP-TT), which shows similar retention of device characteristics when
exposed to the same bias stress. The device stability was tested by applying a constant gate
bias of -3 V and a constant source-drain voltage of -60 V (Figure S4.7). Throughout the
measurement, specifically, the threshold and turn on voltages remained the same. To get
an accurate comparison, similar measurements under similar conditions were performed
with reference polymer P(DPP-TT), and the results are summarized in Figure 4.4. The
results were remarkably similar, showing the high electrical stability of our newly
synthesized polymer. This in-depth characterization of the new pyrazine-containing DPPbased polymer confirm its great potential for the development of BGBC organic transistors.
Moreover, this polymer confirms the strong potential of noncovalent interaction as
conformational locking moieties for the design of new electronic materials.

Figure 4.5 Optical microscopy images of a) p(DPP-TPT) and b) p(DPP-TPyT) at 0%, 20%, 35%
and 50% strain. Crack onset strain shown with red dashed border. Scale bar is 25 μm.

Noncovalent interactions have been shown to be a robust strategy to impart
materials with enhanced stretchability.23,24,51 To investigate the effect the intramolecular
lock has on the mechanical compliance of the novel conjugated polymer, the crack-onset
strains of P(DPP-TPyT) and P(DPP-TPT) were determined through soft-contact
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lamination onto a PDMS stamp, the application of tensile strains ranging from 0-50%,
subsequent transfer to a silicon wafer, and finally, visualization under an optical
microscope.52 The crack onset strains for both polymers are shown in Figure 4.5. As
reported in many other DPP systems,53,54 P(DPP-TPT) has a lower crack onset strain of
35%, showing microcracks that appear and propagate throughout the entirety of the thin
film. In contrast, P(DPP-TPyT), which possess an electrostatic nitrogen-sulfur interaction
along the backbone, is better at dissipating strain and has an enhanced crack onset of 50%.

p(DPP-TPyT)
p(DPP-TPT)

Dichroic Ratio

2.4
2.0
1.6
1.2
0.8

0

10

20

30

40

Strain,  ()
Figure 4.6 Dichroic ratio as a function of applied strain determined by polarized UV-Vis
spectroscopy for P(DPP-TPT) and P(DPP-TPyT).

To gain molecular insight into the nature of this enhancement in stretchability, the
degree of polymer chain alignment under strain was measured through polarized UV-Vis
spectroscopy measurements parallel and perpendicular to the strain direction (also known
as the dichroic ratio).55 As a polymer chain is subjected to strain, it undergoes molecular
mechanisms to dissipate energy such as chain alignment, reduction of crystallinity,
breakage of crystallites, bond rotation, etc. These mechanisms are typically irreversible, so
when a material exhausts these options, strain is then released through mechanical failure,
which we can visualize microscopically as crack formation. Before this occurs, as a
polymer is being strained anisotropically, its absorbance behaviour will be anisotropic as
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well, and its dichroic ratio will continue to increase approximately monotonously. Once
this relationship begins to deviate, or even decrease as strain increases, the polymer chains
are no longer aligning with the applied strain and are reaching their mechanical limit. For
P(DPP-TPT) we can see a decrease in the dichroic ratio upon straining to 35%, indicating
that this polymer can dissipate stress through chain alignment up to 35% strain in Figure
4.6, but begins to fail mechanically afterwards. For P(DPP-TPyT), the polymer continues
to align even up to 50% strain, which is consistent with the enhanced stretchability
indicated by the optical microscopy images in Figure 4.5. Therefore, the incorporation of
this intramolecular interaction results in materials with improved molecular stretchability.
UV-Vis spectra used for the dichroic ratio measurements can be found in Figure S4.6.

Figure 4.7 a) Illustration showing the difference in charge transport ability for transport oriented
parallel (top) and perpendicular (bottom) to the strain direction. Cracks that run along the channel’s
long axis disrupt charge pathways more than cracks that run along the short axis. Mobility values
of stretched films for P(DPP-TPyT) and P(DPP-TPT) normalized by initial values at 0% strain
for charge transport b) parallel and c) perpendicular to the applied strain direction.

Finally, to determine the influence this improvement in stretchability has on the
electronic properties under strain, OFETs of stretched films were fabricated and
characterized, according to a reported method.52 It is important to note that, when cracks
propagate in a thin film under strain, they appear in the direction perpendicular to the
applied strain. This means that for devices with electrodes that have charge transport
parallel to the applied strain, cracks will appear that will propagate through the channels
146

long axis and disrupt charge transport more thoroughly than in the perpendicular direction,
as shown in Figure 4.7a. For this reason, the charge transport properties are anisotropic and
typically suffer more from strain when devices are evaluated parallel to the applied strain
as compared to perpendicular. In line with the crack onset strain and dichroic ratio
measurements, the enhanced mechanical performance of P(DPP-TPyT) also results in
better electronic performance under strain. At 10% strain, P(DPP-TPyT) retains 95% of
it’s initial mobility value, followed by a slight decrease to 85% at 20% strain and a final
decrease to 57% at 35% strain. By comparison, P(DPP-TPT) shows a drastic deterioration
in electronic performance with increasing strain. At just 10% strain, the mobility value
drops to 86% of its initial value, followed by another drastic decrease to 49% at 20% strain.
At 35% strain, the mobility value drops even further to just 17% of its initial value and this
severe loss in performance can be directly attributed to the formation of microscale cracks
through the material’s thin film. The results of the normalized performances are
represented in Figure 4.7b,c and summarized in Table S4.3. When considering the
electronic performance in the perpendicular direction, both P(DPP-TPyT) and P(DPPTPT) show similar drops in mobility retention, which can be attributed to the reorientation
of polymer chains perpendicular to the transport direction as strain is applied. This causes
the charge transport to rely more on the rate-limiting charge hopping mechanism to travel
between the electrodes, rather than though the conjugated backbone. As a consequence,
extracted mobility values will be lower, regardless of crack formation.

4.3 Conclusion
In conclusion, a new semiconducting polymer was designed to incorporate
pyrazine-based moieties in the π-conjugated backbone. Interestingly, theoretical
calculations performed on this unit showed that the new pyrazine-containing building block
can conformationally lock the conjugated backbone through sulfur-nitrogen noncovalent
interactions. The resulting conjugated polymer was shown to possess a high crystallinity
by GIXRD and to possess a relatively smooth surface and optimal solid-state morphology
for charge transport by AFM. Bottom-gate, bottom-contact organic field-effect transistors
were fabricated with the new materials to confirm its potential toward high performance
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and printable organic electronics. Importantly, the new pyrazine-containing polymer was
shown to possess favourable charge transport properties, with an average charge mobility
of 0.27 cm2/Vs. This value was shown to be slightly higher than a reference polymer,
namely P(DPPT3) composed of isolated thiophene moieties (0.19 cm2/Vs). This result
demonstrates the effect of the pyrazine on charge transport and highlights the potential of
this new conjugated unit for the design of new semiconducting polymers. Moreover, the
new polymer was shown to have a very high stability in devices, with a retention of device
characteristics when exposed to the same bias stress comparable to P(DPPTT), a
benchmark polymer in organic electronics. When evaluating the mechanical properties, the
inclusion of the pyrazine moiety promotes molecular stretchability as shown through
optical microscope and polarized UV-Vis spectroscopy, showing a 43% increase in crack
onset strain when compared to a benzene reference. Furthermore, the pyrazine polymer
showed much higher mobility retention under strains up to 35% when evaluated in OFETs.
Based on the results obtained, the utilization of pyrazine moieties as conformational
locking units in semiconducting polymer is a promising strategy to prepare new
semiconductors with optimal charge transport and improved mechanical compliance in a
simple manner. The good device performance and stability under different bias conditions
obtained in bottom-gate, bottom-contact transistors highlight the potential of this new
polymer design for the fabrication of printed electronics with optimal performance.

4.4 Supporting Information
4.4.1 General
Measurements and Characterization: Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker 300 MHz. The spectra for all polymers were obtained in deuterated
1,1,2,2-tetrachlotoethane (TCE-d2) at 120oC. Chemical shifts are given in parts per million
(ppm). Number average molecular weight (Mn), weight average molecular weight (Mw),
and polydispersity index (PDI) were evaluated by high temperature size exclusion
chromatography (SEC) using 1,2,4-trichlorobenzene and performed on EcoSEC HLC8321GPC/HT (Tosoh Bioscience) equipped with a single TSKgel GPC column (GMHHRH; 300 mm × 7.8 mm) calibrated with monodisperse polystyrene standards.
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Thermogravimetric analysis (TGA) was performed on a Mettler Toledo AGTGA/SDTA851e. UV-Visible spectroscopy was performed on a Varian UV/Visible Cary
50 spectrophotometer. The surface structure of polymer films was obtained using a
multimode atomic force microscope (AFM, Digital Instruments) operated in tapping mode
at room temperature. Images were collected using Nanoscope 6 software and processed
using WSxM 5.0 Develop 8.0 software. A BASi Epsilon potentiostat was used to obtain
the cyclic voltammetry measurements. Cyclic voltammograms were taken in a 0.1M
solution of TBAPF6 in anhydrous acetonitrile at room temperature. Ag was used as
working electrode and counter electrode. Ag|AgCl was used as non-aqueous reference. The
scan rate of measurements was 100 mV/s. Grazing incidence X-ray diffraction (GIXRD)
was performed at SLAC National Accelerator Laboratory at beamline 11-3. The X-ray
wavelength was 0.9758 Å or a beam energy of 12.7 keV. The incidence angle of X-ray was
set at 0.12. The sample to detector distance is about 150 mm. Numerical integration of the
diffraction peak areas was performed using the software fit2d. The thicknesses of all the
films ranged between 60 to 100 nm, as measured by AFM.
FET Device Fabrication and Characterization: FET devices were fabricated on prepatterned highly doped n-type Si wafers with a 230 nm thick SiO2 functionalized with an
octyltrichlorosilane (OTS) self-assembled monolayer. Pre-patterned wafers were
purchased from Fraunhofer Institute for Photonic Microsystems. The bottom-contact gold
electrodes possess channel widths of 10 mm and channel lengths of 20 μm, 10 μm, 5 μm
and 2.5 μm. FETs with channel lengths of 20 μm were used for mobility extrapolation
while the other channel lengths were used to determine the contact resistance via the TLM
model. To prepare the pre-patterned wafers for spincoating, they were first processed in an
acetone bath in an ultrasonicator for 5 minutes. Following ultrasonication, the wafers rinsed
with acetone and then isopropyl alcohol, then dried with nitrogen. After drying, the wafers
underwent UV ozone treatment for 15 minutes followed by treatment with OTS according
to literature.48 After OTS treatment, the wafers were rinsed once again with acetone and
isopropyl alcohol, dried with nitrogen, then brought into a nitrogen filled glovebox for
spincoating. The organic semiconductor thin films were spin-coated onto the OTS-treated
substrates and controlled the thickness at ~40 nm from prepared polymer solutions in
chlorobenzene (5 mg mL−1). The thermal annealing process was carried out inside a
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vacuum oven. All measurements were conducted in a nitrogen-purged chamber using
Keithley 2400 source meters.
Materials: Commercial reactants were used without further purification unless stated
otherwise.

Tris(dibenzylideneacetone)dipalladium(0)-chloroform

adduct

(Pd2(dba)3•CHCl3) was purchased from Oakwood Chemical and recrystallized following a
reported

procedure.56

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione and P(DPP-TPT) were synthesized according to
literature (GPC: Mn = 28, 102 Da, Mw = 59, 449 Da, PDI = 2.11).57
Measurements and Characterization: Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker 300 MHz. Spectra for all polymers were obtained in deuterated
1,1,2,2-tetrachlotoethane (TCE-d2) at 120oC. Chemical shifts are given in parts per million
(ppm). Number average molecular weight (Mn), weight average molecular weight (Mw),
and polydispersity index (PDI) were evaluated by high temperature size exclusion
chromatography (SEC) using 1,2,4-trichlorobenzene and performed on a EcoSEC HLC8321GPC/HT (Tosoh Bioscience) equipped with a single TSKgel GPC column (GMHHRH; 300 mm × 7.8 mm) calibrated with monodisperse polystyrene standards.
Thermogravimetric analysis (TGA) was performed on a Mettler Toledo AGTGA/SDTA851e. UV-Visible spectroscopy was performed on a Varian UV/Visible Cary
50 spectrophotometer. The surface structure of polymer films was obtained using a
multimode atomic force microscope (AFM, Digital Instruments) operated in tapping mode
at room temperature. Images were collected using Nanoscope 6 software and processed
using WSxM 5.0 Develop 8.0 software. A BASi Epsilon potentiostat was used to obtain
the cyclic voltammetry measurements. Cyclic voltammograms were taken in a 0.1M
solution of TBAPF6 in anhydrous acetonitrile at room temperature. Platinum was used as
working electrode and counter electrode. Ag|AgCl was used as non-aqueous reference. The
scan rate of measurements was 100 mV/s. Grazing incidence X-ray diffraction (GIXRD)
was performed at Stanford Synchotron Radiation Lightsource (SSRL) under beamline 4-2.
The X-ray wavelength was 0.9758 Å or a beam energy of 15 keV. The incidence angle of
X-ray was set at 0.12. The sample to detector distance is about 150 mm. Numerical
integration of the diffraction peak areas was performed using the software fit2d. The
thicknesses of all the films ranged between 60 to 100 nm, as measured by AFM.
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Crack Onset Strain Measurement: Crack onset strain measurements were conducted by
tensile pull testing of thin films supported on elastomer.58 Conjugated polymers P(DPPTPyT) and P(DPP-TPT) were dissolved in anhydrous chlorobenzene at a concentration
of 5 mg/mL and then spincoated onto OTS-modified wafers. As cast wafers were then
brought into a N2-filled glovebox and annealed on a hot plate at 150 °C for 10 minutes.
Following thermal annealing, thin films were transferred onto rectangular PDMS slabs
(base: crosslinker, 20:1, crosslinked at 70 °C overnight) and stretched to strains ranging
from 0-50% elongation. Following the application of strain, the stretched films were
transfer-printed onto a receiving wafer and then visualized under an optical microscope.
Dichroic ratio measurements: After transfer of the conjugated polymer film on PDMS,
the sample was directly stretched at different strain ratios.59 The sample was then
transferred to a glass substrate and directly used for polarized UV vis measurements. The
dichroic ratio was calculated by dividing the absorbance maximum at 0° (parallel to the
strain direction) with the absorbance at 90° (perpendicular to the strain direction). A clean
glass slide was used as sample blank.
FET Device Fabrication and Characterization: FET devices were fabricated on prepatterned highly doped n-type Si wafers with a 230 nm thick SiO2 functionalized with an
octyltrichlorosilane (OTS) self-assembled monolayer. Pre-patterned wafers were
purchased from Fraunhofer Institute for Photonic Microsystems. The bottom-contact gold
electrodes possess channel widths of 10 mm and channel lengths of 20 μm, 10 μm, 5 μm
and 2.5 μm. FETs with channel lengths of 20 μm were used for mobility extrapolation
while the other channel lengths were used to determine the contact resistance via the TLM
model. To prepare the pre-patterned wafers for spincoating, they were first processed in an
acetone bath in an ultrasonicator for 5 minutes. Following ultrasonication, the wafers rinsed
with acetone and then isopropyl alcohol, then dried with nitrogen. After drying, the wafers
underwent UV ozone treatment for 15 minutes followed by treatment with OTS according
to literature.60 After OTS treatment, the wafers were rinsed once again with acetone and
isopropyl alcohol, dried with nitrogen, then brought into a nitrogen filled glovebox for
spincoating. The organic semiconductor thin films were spin-coated onto the OTS-treated
substrates and controlled the thickness at ~40 nm from prepared polymer solutions in
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chlorobenzene (5 mg mL−1). The thermal annealing process was carried out inside a
vacuum oven. All measurements were conducted in a nitrogen-purged chamber using
Keithley 2400 source meters.
Transfer-Printed Organic Field-Effect Transistor Fabrication: Conjugated polymer
semiconductor films were transfer printed for OFET fabrication according to the method
described by Bao and co-workers.58 First, the polymer inks were spincoated onto OTSmodified silicon wafers and annealed at 150 °C for 10 minutes in a nitrogen filled glovebox
with < 0.5 ppm of both O2 and H2O. Next, the annealed films were transferred onto a
rectangular slab of poly(dimethylsiloxane) (PDMS) elastomer (base: crosslinker ratio =
15:1 w/w, crosslinked overnight at 70 °C in an oven). Each transferred film was stretched
to a particular strain between 0-50% and subsequently transferred back to an p+-doped 300
nm SiO2 OTS-modified wafer. Following film transfer, 50 nm of top contact Au source
and drain electrodes were evaporated onto the wafers at a rate of 0.5 Å/s through a shadow
mask with 100 μm channel length and 1000 μm channel width oriented both parallel and
perpendicular to the strain direction. The completed devices were then brought into the
glovebox for testing with a Keithley 4200-SCS analyzer. The field-effect mobility was
estimated by taking the slope of the linear region of the square root of drain current vs gate
voltage in the saturation regime using the equation μsat = 2L/CW (δ(ID)1/2/δVG)2.
4.4.2 Synthetic Procedure
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Scheme S4.3 Synthetic pathway to P(DPP-TPyT).

Compound 1. A purged round-bottom flask equipped with a magnetic stir bar was charged
with 2-tributylstannylthiophene (3.21 g, 8.62 mmol), 2,5-dibromopyrazine (1.00 g, 4.20
mmol) and anhydrous DMF (21 mL). The solution was degassed for 30 minutes before
addition of Pd2(dba)3 (115 mg, 0.13 mmol) and P(o-tolyl)3 (115 mg, 0.38 mmol). The
reaction was then heated to 150oC and stirred for 72 h. The reaction was diluted in CHCl3,
washed twice with H2O, and washed once with brine. The organic layer was subsequently
dried with Na2SO4 and the solvent was concentrated under reduced pressure. The solution
was then filtered throughout a pad of celite to remove Palladium. The filtrate was then
removed under reduced pressure and recrystallized from Toluene to afford compound 15
as an olive-green solid (490 mg, 49%). 1H NMR (300 MHz, CDCl3, 298 K): 8.88 (s, 1H),
7.68 (d, J = 6 Hz, 1H), 7.48 (d, J = 6 Hz, 1H), 7.17 (dd, J = 3 Hz, 1H);

13

C NMR (300

MHz, CDCl3, 298 K): 13C NMR (300 MHz, CDCl3, 298 K): 139.5, 128.6, 128.5, 125.3.
HRMS (ESI-Tof) calc’d for [M+H]+: 245.0129, found 245.0207.
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1

H NMR spectra of compound 1 in CDCl3

13

C NMR spectra of compound 1 in CDCl3

Compound 2. A purged and flame-dried round-bottom flask equipped with a magnetic stir
bar was charged with compound 1 (250.0 mg, 1.02 mmol), and anhydrous THF (21 mL).
The solution was sonicated for 1 h to afford a fine suspension of starting material, before
being cooled to -78oC, followed by dropwise addition of 0.8 M LDA (2.81 ml, 2.25 mmol).
The solution was then stirred for 1 h at -78 oC, before quenching with 1.0 M SnMe3Cl in
Hexane (2.56 ml, 2.56 mmol). The reaction was then allowed to warm to room temperature
and stirred overnight. The reaction was diluted in Et2O, washed with H2O twice and washed
once with brine. The organic layer was subsequently dried with Na2SO4 and the solvent
was removed under reduced pressure. The crude compound was then recrystallized from
5% Toluene in Ethanol to afford compound 16 as an ochre solid (125 mg, 21%). 1H NMR
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(300 MHz, CDCl3, 298 K): 8.87 (s, 1H), 7.78 (d, J = 3 Hz, 1H), 7.17 (d, J = 3 Hz, 1H),
0.44 (s, 9H); 13C NMR (300 MHz, CDCl3, 298 K): 139.7, 136.5, 126.3, 8.0. HRMS (ESITof) calc’d for [M+H]+: 572.9425, found 572.9495.

1

H NMR spectra of compound 2 in CDCl3

13

C NMR spectra of compound 2 in CDCl3
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General procedure for Stille polymerization
A microwave vessel equipped with a stir bar was charged with the appropriate amount of,
3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4c]pyrrole-1,4-dione and compound 2, followed by the addition of anhydrous
chlorobenzene. The solution was then bubbled with N2 gas for 30 minutes, followed by
addition of Pd2dba3 and P(o-tolyl)3. The vessel was then immediately sealed with a snap
cap and microwave irradiated under the following conditions with ramping temperature
(Microwave Setup: Biotage Microwave Reactor; Power, 300 W; Temperature and Time, 2
minutes at 100oC, 2 minutes at 120oC, 5 minutes at 140oC, 5 minutes at 160oC, and 40
minutes at 180oC; Pressure, 17 bar; Stirring, 720). After completion, the polymer was endcapped with trimethylphenyl tin and bromobenzene, successively (Microwave Setup:
Biotage Microwave Reactor; Power, 300 W; Temperature and Time, 1 minute at 100oC, 1
minute at 120oC, 2 minutes at 140oC, 3 minutes at 160oC; Pressure, 17 bar; Stirring, 720).
The reaction was then cooled to room temperature and dissolved in 1,1,2,2tetrachloroethane (TCE). This solution was then precipitated in methanol and the solid was
collected by filtration into a glass thimble. The contents of the thimble were then extracted
in a Soxhlet extractor with methanol, acetone, hexane and finally chlorobenzene. The
chlorobenzene fraction was concentrated and re-precipitated in methanol, followed by
filtration and overnight drying under vacuum.

P(DPP-TPyT).

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione (100.00 mg, 0.088 mmol), compound 2 (50.4 mg,
0.088 mmol), cholorobenzene (3.5 mL), Pd2(dba)3 (1.62 mg, 0.002 mmol), P(o-tolyl)3 (2.4
mg, 0.008 mmol), trimethylphenyl tin (21.3 mg, 0.088 mmol) and bromobenzene (13.89
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mg, 0.088 mmol). Molecular weight estimated from high-temperature GPC in 1,2,4trichlorobenzene (200 °C): Mn = 24.6 kDa, Mw = 55.0 kDa, PDI = 2.24)

1

H NMR spectrum of P(DPP-TPyT) in 1,1,2,2-tetrachloroethane-d2 at 120 °C

4.4.3 Materials Characterization

Figure S4.1. FMO orbitals for the P(DPP-TPyT) optimized tetramer calculated at the B3LYP-D3
6-31G(d,p) level of theory.
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Figure S4.2. 1-dimensional Potential energy scan of compound 1 showing the change in relative
energy as a function of dihedral angle, calculated at the B3LYP-D3 6-31G(d,p) level of theory.
Colour code: yellow = sulfur, blue = nitrogen, grey = carbon and white = hydrogen.

Table S4.1 Theoretical HOMO, LUMO and bandgap energies for a tetramer optimized at
the B3LYP-D3 6-31G(d,p) level of theory and single-point energies calculated with
B3LYP-D3 6-311++G(d,p).
HOMO (eV)

LUMO (eV)

Eg (eV)

-5.07

-3.39

1.68

P(DPP-TPyT)

Table S4.2 Grazing-incidence X-Ray diffraction parameters extracted from 2D detector
image (Figure 4.2). Coherence Length, LC, calculated using a K value of 1, distance values
calculated according to the equation q = 2π/dhkl
Polymer

In-plane (010)
π-π stacking
distance (Å)

P(DPP-TPyT)

3.50

Out-of-plane (100)

Δq (Å-1)

LC (Å-1)

0.199

28.42

Lamellar stacking

Δq

distance (Å)

(Å-1)

21.33

0.064

LC (Å-1)
88.36
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Figure S4.3 Cyclic voltammogram of P(DPP-TPyT). The reference electrode is Ag. Potentials
were calculated in reference to Fc/Fc+.
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Figure S4.4 UV-vis spectra of P(DPP-TPyT) in chlorobenzene (solid line) and in thin-film
(dashed-line) spincoated on SiO2.
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Figure S4.5 TGA trace of P(DPP-TPyT) with a heating rate of 5 oC/min up to 500.00 oC. 5% mass
loss is measured to be 397 oC.

Figure S4.6 Dichroic Ratio a) P(DPP-TPyT) and b) P(DPP-TPT)
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Device Characterization

Figure S4.7 a) Typical transfer and b) output characteristics of P(DPP-T3) after thermal annealing
at 150°C. VDS on the transfer curve = -60 V.

Figure S4.8 a) Transfer (VDS = -60 V) and b) output characteristics of P(DPP-TT) c) transfer
characteristics of P(DPP-TT) under bias stress= -3 V and VDS = -60 V for a total of 10 minutes and
d) the change in current as a function of time during bias stress testing.
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Table S4.3 Average hole mobility (µave), threshold voltages (Vth), and ION/IOFF current
ratios for P(DPP-TPyT) and P(DPP-TPT) OFETs under strain. Results are averaged from
5 devices.
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5.1 Introduction
In recent years, the development of materials that can be mechanically compliant,
robust, conformable, and stretchable while maintaining properties such as high electronic
conductivity has generated significant interest among the materials science and chemistry
communities. These materials are promising as the active component for the fabrication of
cheaper, more durable electronics, with the new functionalities and form factors required
for the next generation of wearable and skin-inspired electronics. Polymeric
semiconductors, i.e. π-conjugated polymers, have emerged as prime candidates for the
development of molecularly stretchable electroactive materials for next generation
electronics due to the π-delocalized network which makes them semiconducting, their
synthetic versatility, and their tunable mechanical properties.5–9 Furthermore, their ability
to be solution processed provides an avenue for large-scale fabrication of electronics
through printing, roll-to-roll manufacturing, and large-area processing.10,11
These incredible features notwithstanding, semiconducting polymers are still
suboptimal for the fabrication of highly stretchable and/or wearable electronics, mainly due
to the competition between stretchability and electronic properties.12,13 Consequently,
numerous strategies have been recently developed to further enhance stretchability in πconjugated materials while also enabling better charge transport and higher performance
in organic electronics. In addition to the design of conjugated polymers with aliphatic
sidechains to reduce their crystallinity, or the physical blending of the semicrystalline
materials with soft amorphous elastomeric polymers, the incorporation of dynamic noncovalent interactions into π-conjugated polymers has also been shown to be effective for
the design of stretchable semiconducting polymers and the preparation of highperformance semiconductors.14–19 Among the various types of dynamic non-covalent
interactions that can be explored, hydrogen bonds (H-bonds) are undoubtedly the most
common and accessible type of supramolecular interaction to be implemented in a πconjugated polymeric system. This type of non-covalent interaction is not only
spontaneous and highly dynamic but can also be enabled through a wide variety of
functional groups (amide, urea, urethane, etc.), resulting in synthetic versatility.
Furthermore, the utilization of dynamic H-bonds can trigger innovative properties such as
molecular self-healing.20
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While H-bonds are attractive for the design of novel high-performance
semiconducting polymers, other types of non-covalent interactions have also been used to
improve current semiconducting materials in organic electronics, mostly through a
backbone engineering approach. Pioneered by Bo and co-workers, aromatic heterocyclic
compounds can be inserted into the π-conjugated backbone of semicrystalline conjugated
polymers and small molecules to enable intramolecular non-covalent interactions. Acting
as conformational locking units, these non-covalent interactions contribute to planarize the
π-conjugated backbone and favour charge transport and delocalization. This strategy was
used with nitrogen-containing (pyrazine, pyridine),21–23 sulfur-containing (thiazole),24 or
fluorine-containing (fluorobenzene) heterocyclic compounds,25,26 and was found to be a
particularly robust approach for the development of novel donor and acceptor materials in
organic photovoltaics.27–30
In recent years, several groups reported the design of semiconducting polymers
incorporating H-bonding moieties on the sidechains of the polymer and/or in the πconjugated backbone, which can have a significant influence (positive or negative) on the
physical and electronic properties of the resulting materials. For example, Zhang et al.
reported in 2016, the incorporation of a urea-containing sidechain in a diketopyrrolopyrrole
(DPP)-based polymer.31 This polymer showed an aggressive increase in charge transport,
evaluated through the fabrication of organic field-effect transistors (OFETs), attributed to
an increase in crystallinity. Using a similar strategy, our group reported the design of
semiconducting polymers incorporating amide moieties in the sidechain, which were
shown to contribute to an improved molecular stretchability in comparison to the saturated
polymeric counterparts.32 Using a similar design strategy, hydrogen bonding moieties were
also successfully incorporated into multiple semiconducting polymers through backbone
engineering with conjugation-break spacer units or through the incorporation of
conformally-locking building blocks.23,33–36 Despite many examples of semiconducting
polymers with H-bonding moieties, the effect of the non-covalent interactions is still
unclear as supramolecular crosslinking with H-bonds has been reported to increase charge
transport and crystallinity in some cases,31 but also to disrupt the polymer packing in the
solid-state and improve molecular stretchability in others.20,32 This lack of knowledge on
the effect of the location/directionality of hydrogen bonding in semiconducting polymers
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on device performance is a confounding obstacle to the further use of supramolecular
chemistry in organic electronics. Hence, the design and characterization of a simple system
that allows for precise control over the type and location of supramolecular crosslinking
enabled between the polymer chains is important to deconvolute the role of H-bonds in
conjugated polymers and expand their use in the design of high-performance
semiconductors.
Herein, we report the design and synthesis of two DPP-based semiconducting
polymers, incorporating either pyrazine or benzene moieties flanked by thiophenes with
pendant amide side chains. By using either pyrazine or benzene moieties in the polymer’s
π-conjugated backbone, a control over the orientation and type of H-bonds is achieved
(Figure 5.1a). When pyrazine is used, intramolecular bonds are promoted in the polymer
while benzene only allows for intermolecular non-covalent interactions between the amide
side chains. The type of H-bonding has been carefully verified both experimentally and
theoretically through Fourier-transform infrared spectroscopy and density functional
theory (DFT) calculations. In addition, a series of detailed characterizations including
solution phase small-angle neutron scattering (SANS), grazing incidence wide angle X-ray
scattering (GIWAXS), and other techniques were used to probe for the influence of both
intra- and intermolecular H-bonds on the physical and electronic properties. Importantly,
intramolecular H-bonds, promoted by the use of pyrazine, led to more rigid polymer
backbone, enhanced conjugation length and overall increased crystallinity. This
intramolecular conformational lock was shown to also have a significant impact on
electronic properties of the conjugated polymers with a charge mobility two orders of
magnitude higher than the benzene-containing counterpart in OFETs. Moreover, the
intramolecular bonding motif was discovered to produce materials with lower elastic
modulus, yet lower crack onset strain when compared to the intermolecular reference.
Given its synthetic tunability and impact on the solid-state morphology and electronic
properties, the incorporation of moieties capable of intramolecular H-bonds in πconjugated polymers is a promising strategy to fine-tune and optimize their performance
in electronic devices.
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5.2 Results and Discussion

Figure 5.1 a) Schematic illustration of the two diketopyrrolopyrrole-based semiconducting
polymers designed to evaluate the influence of intra versus intermolecular hydrogen bonding on
optoelectronic and solid-state properties, and their evaluation in organic field-effect transistors; b)
Fourier-Transform Infrared spectroscopy (FTIR) spectrum of P1 and P2 in the solid-state. Shown
are (left) the carbonyl stretch region ~1700 cm-1, and (right) the amide stretch region ~3300 cm-1.
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The synthetic pathway to pyrazine-containing semiconducting polymers P1 and P2
is depicted in Schemes S1 and S2. Starting from commercially available thiophen-3-amine
hydrochloride salt, compound 1 was synthesized through reaction with hexanoyl chloride
in dichloromethane in the presence of triethylamine, affording compound 1 in good yield
(85%). Compound 1 was then brominated using N-bromosuccinimide to prepare
compound 2 (89%). Following synthesis and isolation of compound 2, it was then reacted
with 2 equivalents of n-BuLi, followed by quenching with trimethyltin chloride to afford
compound 3 (85% yield). Compound 3 was then coupled with dibromopyrazine via a Pdcatalyzed Stille cross-coupling reaction to prepare compound 4 in good yield (83%). After
purification, compound 4 was then dissolved in anhydrous THF, cooled to -78 °C, and
reacted with lithium diisopropylamide (LDA), followed by quenching with trimethyltin
chloride to provide compound 5 at 48% yield. Compound 7 was prepared through a similar
synthetic strategy. Following the synthesis of the two monomers, polymers P1 and P2 were
prepared through microwave-assisted Stille polycondensation. Purification of the resulting
polymers was performed by successive Soxhlet extraction in methanol, acetone, hexanes,
and chloroform. The detailed experimental procedure for P1 and P2, and thermal analysis
by thermogravimetric analysis (TGA) can be found in Supporting Information (Figure
S5.1).
Despite looking similar, monomers 5 and 7, used to prepare P1 and P2, have been
carefully designed to control the type of H-bonding enabled between the rigid π-conjugated
polymer chains. The amide functional group was selected due to its ease of preparation and
moderate H-bonding strength, previously shown to promote intrinsic stretchability and
self-healing in DPP-based polymers.20 In monomer 5, used to generate P1, the amidecontaining sidechains have been positioned next to the pyrazine moiety to allow for the
amide to form intramolecular H-bonds with the nitrogen-containing heterocycle. By
designing the H-bonds to be entirely intramolecular, the effect of this conformational lock
on the chain’s planarity and rigidity can be unveiled, as well as the impact on solid-state
morphology and crystallinity. In a similar manner, monomer 7, used to generate P2, was
also designed to incorporate amide-containing sidechains. However, by being next to a
benzene moiety, no intramolecular H-bonds are expected to be formed, thus leading to an
intermolecular crosslinking. This difference between both systems in terms of H-bonding
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configuration leads to important differences in the optoelectronic and thermomechanical
properties. The structures of the two semiconducting polymers are shown in Figure 5.1a.
To gain insight into the configuration of the H-bonding in the conjugated backbones
of P1 and P2 (intra- versus intermolecular) and to confirm the formation of the
supramolecular interaction in the solid-state, Fourier-transform infrared spectroscopy
(FTIR) was performed in thin films. FTIR spectroscopy provides an additional means to
characterize and distinguish between bonding and non-bonding states of the H-bonding
donor and acceptor and is particularly relevant for systems in the solid-state. The results of
the analysis are summarized in Figure 5.1b. In the solid-state, P1 exhibits a band centered
at 1630 cm-1 associated, based on previous reports on similar systems, to the carbonyl of
the side chain not involved in hydrogen bonds (unbounded).33 This observation is to be
expected given that P1 mainly forms intramolecular hydrogen bonds with the inner
pyrazine moieties. In contrast, P2 exhibits a band at 1690 cm-1, associated to the C=O
stretching of a carbonyl involved in hydrogen bonding. As depicted in Figure 5.1b, the
formation of intra- and intermolecular hydrogen bonds in the solid-state can also be
observed when looking at the amide stretching region, between 3150 and 3400 cm-1. For
both P1 and P2, the bounded amide peak (N-H stretching) appears at 3275 cm-1. Notably,
this peak exists in both P1 and P2, indicating that both polymers, despite having different
hydrogen bonding configurations, have the amide moieties in the fully bounded state. Other
peaks in this region include a symmetric stretch of the C-H protons on benzene in P2 and
a C-H stretch from thiophene moieties.
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Figure 5.2 1-Dimensional potential energy scan of a) compound 4 and b) compound 7, showing the
change in relative energy as a function of dihedral angle between the thiopheneamide and central
heterocycle (pyrazine and benzene, respectively), calculated by DFT at the B3LYP-D3 6-31G(d,p)
level of theory; UV-vis spectra of P1 and P2 c) in solution (chlorobenzene) and d) in thin-film
spincoated on SiO2; e) Neutron scattering raw curve (dots) and fitted curve (solid lines) (red dot)
for P1 (red) and P2 (black). The flexible cylinder model was used to fit the data using a q range
from 0.008 Å-1 to 0.9 Å-1 due to the strong aggregation behavior shown at low q.

The conformational locking design was also investigated by theoretical calculations
using density functional theory (DFT). As shown in Figure 5.2a-b, dihedral scans of the
angle between the thiophene and central pyrazine unit were conducted to determine the
influence of the intramolecular interaction on the rotational barrier height. As determined
in silico, compound 4 (used as a simplified control system) shows an increased rotational
barrier as compared to compound 6, suggesting a significant influence of the intramolecular
H-bonds on maintaining co-planarity between the pyrazine and thiophene units. The barrier
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height difference is approximately 5.5 kcal/mol, which is in the range expected for a
hydrogen-bonding interaction.33 Furthermore, frontier molecular orbitals (FMOs) were
also calculated, as shown in Figure S5.2. Expectedly, DFT calculations show that orbital
delocalization is enhanced along the repeat unit backbone for P1 compared to P2. This
enhanced molecular overlapping can be attributed to an increased planarity in the polymer
backbone, promoted through intramolecular H-bonds.
UV-vis spectroscopy was then used to probe for the influence of intra- versus
intermolecular H-bonding on the optical and aggregation properties of the semicrystalline
polymers. The results are summarized in Figure 5.2 c-d. As expected, the H-bonding
configuration, enabled by the side chains installed along the conjugated backbone,
produces significant differences in molecular aggregations. In solution, intramolecular Hbond containing polymer P1 shows similar intensities in the 0-0 and 0-1 vibrational peaks,
which correlates to intramolecular and intermolecular charge transfer complexes,
respectively.37,38 In contrast, P2 shows a pronounced 0-0 peak relative to 0-1, indicating
stronger aggregation in solution, potentially due to the formation of intermolecular
hydrogen bonds. The intramolecular hydrogen bonding in P1 also led to a significant
bathochromic shift of the donor-acceptor absorption band, going from a band centered at λ
= 750 nm for P1 to λ = 700 nm for P2. This can be attributed to the increase in torsion
angle between the central benzene unit and the thiophenamide in P2, as observed in the
DFT calculations. This increase in torsion decreases the effective conjugation length along
the backbone and increases the optical bandgap energy. In the solid-state, the polymers
demonstrate further interesting behaviour. P1 shows a significant red-shifting of the
absorption band attributed to donor-acceptor interactions, going from a band centered λ =
750 nm for P1 to λ = 700 nm for P2. Similar to what has been observed in solution, this
result indicates that the intramolecular H-bonding can increase the effective conjugation of
the polymer in the solid state. Consequently, P1 possesses an optical bandgap of 1.43 eV,
which is significantly smaller than that of P2 at 1.57 eV. Moreover, in thin films, P1 has
an enhanced intensity of the 0-0 vibration mode, which does not appear for P2. This
difference can be attributed to the induced backbone twisting in P2 caused by the steric
hindrance between the amide chain and the central benzene unit, which disfavour πdelocalization along the polymer chains. Finally, both polymers exhibit a peak between
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400-600 nm in both the solution and solid-state that can be attributed to the π-π*
transition.39

The intramolecular locking effect is expected to have a vital influence on backbone
planarity and rigidity. To investigate this effect, small-angle neutron scattering (SANS)
was performed on diluted solutions of polymer solubilized in deuterated solvent, and
thereby isolate the effect of the lock on the rigidity of single polymer chains. Defined as
the length scale at which a polymer behaves as a rigid rod rather than a flexible chain, the
persistence length of the intra- and intermolecular hydrogen bonding polymer was
evaluated through SANS and correlated to backbone planarity.40–44 Using the flexible
cylinder model, results obtained from SANS in solution revealed that P1 has a persistence
length (Lp) of 13.5 nm, while P2 has a shorter Lp of 6.6 nm. From the results obtained from
SANS (Figures 5.2e and S5.3), P1 is more rigid than P2, which is consistent with a
conformational effect enabled by the presence of intramolecular hydrogen bonds. The
shorter persistence length in P2 is also consistent with the DFT calculations which show
that there is a high energy barrier that hinders the aromatic units from achieving coplanarity. Conversely, the intramolecular H-bonding interactions along the conjugated
backbone of P1 enhances chain rigidity by bringing the backbone into greater planarity,
resulting in greater chain rigidity and longer Lp.

Table 5.1 Average and Maximum Hole Mobility (µhav, µhmax), Threshold Voltages (Vth),
Ion/Ioff, and Ratios for OFETs Fabricated from P1 and P2. Measurements performed after
thermal annealing at 170°C for 1 hour under vacuum, average measured from 5 different
devices.
Polymer

Thickness
(nm)

W/L

µhav/µhmax (cm2V-1s-1)

Ion/Ioffav

Vthave (V)

P1

40

20

0.162±0.0103/0.163

105

-19.50

P2

40

20

0.00022±0.000037 /0.00023

106

-15.56
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Figure 5.3. Typical output (left) and transfer (right) (VDS = -60 V) characteristics of a) P1 and b)
P2 after thermal annealing for 1 hour at 170 °C.

The improved planarity induced by the intramolecular lock not only impacts the
optical properties and solid-state morphology, but also significantly influences charge
transport. To assess the semiconducting performance of P1 and P2, each of the materials
were used as the semiconductor for the fabrication of bottom-gate, top-contact OFETs.
Briefly, the polymers were dissolved in chlorobenzene at a concentration of 5 mg/mL and
stirred at 90 oC for 1 hour. Following dissolution, the polymer inks were spin-coated onto
octadecyltrichlorosilane (OTS) treated n+-doped silicon wafers with 300 nm SiO2
dielectric.45 After deposition, the thin films were annealed on a hot plate at 170 °C for 60
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minutes in a vacuum oven. Device fabrication was completed upon thermal evaporation of
gold source and drain electrodes through a stencil shadow mask. All devices showed
typical output characteristics and transfer curves for thin film transistors, and the results
obtained from their characterization is depicted in Figure 5.3 and Table 5.1. In contrast to
previously reported materials that incorporate dynamic bonds as soft intermolecular
crosslinks in random copolymers, these new materials do not suffer from a limited
solubility in common organic solvents, attributable to the large amount of solubilizing alkyl
chains, which is not reduced to incorporate dynamic bonding moieties.31,46 A broad
overview of the solubility of P1 and P2 in common organic solvent, and a comparison
with a previously reported pyrazine-containing semiconducting polymer are depicted in
Table S1.23 Expectedly, the incorporation of dynamic hydrogen bonds has a clear and
important effect on the electronic properties. Most systems that exploit H-bonding for
organic electronics do so in an intermolecular fashion to impact molecular self-assembly
and fine-tune the solid-state morphology.31,33 Reference polymer P2 was synthesized with
this design strategy in mind. A maximum field effect mobility of 2.3 x10-4 cm2/Vs, an
Ion/Ioff current ratio of 106 (threshold voltage of -15.56 V) were obtained for P2 (Table 1).
In contrast to previous reports on DPP-based polymers with hydrogen bonding moieties in
their side chains, the relatively low mobility measured for P2 may be due to the high
amount of H-bonding interactions, potentially resulting in a polymer self-assembly that is
sub-optimal for π-stacking and therefore, results in low charge transport. 32,35 The presence
of a phenyl ring in the π-conjugated backbone can also be detrimental to intramolecular
charge transport. In contrast to P2, the intramolecular bonding motif (P1) was designed to
mostly affects the planarity of the conjugated backbone. Importantly, for P1, a maximum
mobility of 0.162 cm2/Vs was extracted, which is three orders of magnitude higher than
P2. Devices made from P1 also showed good Ion/Ioff current ratio (105) and threshold
voltage (Table 1). From the charge transport properties measured in devices, the design of
conjugated polymers with intramolecular dynamic hydrogen bonds, which results in more
planar polymer chains and better sold-state morphology, is a suitable strategy for the
preparation of high-performance semiconducting polymers.

181

Figure 5.4. Atomic force microscopy height image of a) P1 and b) P2 in thin film spin-coated and
annealed on OTS-modified SiO2/Si substrate. Scan size = 5 µm, scale bar = 1 μm. Grazing incident
wide-angle X-ray scattering 2D detector images of c) P1 and d) P2 in thin films; e) pole figure
extracted from the (200) peak, and f) stress-strain curves for thin films of P1 and P2 as measured
by tensile pull-testing on water.

The microstructure of the materials in thin films spin casted onto OTS-treated SiO2,
with low surface energy to avoid undesirable interaction with the substrate, was evaluated
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by atomic force microscopy (AFM). Overall, both polymers P1 and P2 show a ultrasmooth
surface in thin films. For P1, AFM height images (Figure 5.4a) show a microstructure with
well-defined domains at the nanoscale. In comparison, P2 (Figure 5.4b) shows a
microstructure with smaller aggregated and interconnected domains. This difference in
self-assembly and microstructure on the nanoscale can be attributed to the intramolecular
H-bonding induced planarity along the polymer backbone, which favours π-interactions
between the polymer chains, resulting in more aggregated polymer chains. In contrast, the
presence of intermolecular H-bonding is not as beneficial for molecular interactions,
resulting in a less ordered but aggregating self-assembly. Consequently, P1 possesses a
slightly rougher surface than P2 (1.96 nm compared to 1.66 nm). When comparing the
phase images of P1 and P2 (Figure S5.4a-b), P1 shows more pronounced grain boundaries.
Qualitative comparison of the topographies shows large aggregates with interconnected
domains for P1 relative to P2, which possesses smaller aggregates with very little
connectivity.
To further elucidate the difference in charge transport properties, to gain insight on
the solid-state morphology, and get better understanding on the impact of the hydrogen
bonds on charge transport, grazing incidence wide angle x-ray scattering (GIWAXS) was
performed on the materials spin-cast on OTS-SiO2/Si substrates after thermal annealing at
170 °C. The results are depicted in Figure 5.4 and Figure S5.5. First, a qualitative
comparison of the 2D detector images for P1 and P2, shown in Figure 5.4c-d, confirms
that P1 is more ordered than P2, possessing several higher ordered reflections. This result
corroborates the enhanced charge transport measured in devices and can be explained from
an enhanced stacking between the rigid polymer chains when intramolecular hydrogen
bonding conformational locks are introduced. Interestingly, a lamellar spacing of 25.1 Å
for P1 and 23.3 Å for P2 can be calculated, implying that the polymer chains are farther
apart in P1.47 To gain insight on the difference in crystallinity between both polymers, the
relative degree of crystallinity (rDoC) was evaluated for the (200) reflection peak (due to
the fact that the peak breadth of the (100) reflection is subject to factors other than just the
crystalline assemblies). This analysis is performed by comparing the area under each pole
figure (Figure 5.4e) and using P2 as the frame of reference by assigning its peak area a
value of ‘1’. This analysis has been performed following a previously reported procedure
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by Toney and coworkers.48,49 According to the pole figures, P1 possesses a rDoC of 3.77
when compared to P2. While an absolute measure of the crystallinity of either material is
not possible through this analysis, we determined that P1 is approximately 70% more
crystalline than P2 through our rDoC analysis. This significant difference in crystallinity
directly results from the incorporation of intramolecular hydrogen bonds and can explain
the important difference in charge transport properties between P1 and P2 as charge
transport in semicrystalline polymers, occurring principally through charge hopping in the
π-π direction, is known to be favoured in ordered crystalline domains.50,51 For further
analysis, a quantitative comparison of the (200) reflection peak widths of P1 and P2 was
performed as depicted in Figure S5.6. Normalization of the peak intensity was performed
to give an accurate comparison between peak breadths. P1 has a FWHM of 0.68 nm-1,
whereas P2 possesses a much larger FWHM of 1.17 nm-1. The FWHM gives a relative
measure of crystallite alignment; therefore, not only is P1 more crystalline based on the
rDoC, the individual crystallite orientations in P1 also have a narrower distribution and are
more aligned than P2. The important differences in microstructures between P1 and P2,
revealed by grazing incidence wide angle scattering (GIWAXS), confirms the importance
of the precise control over these non-covalent interactions toward materials with improved
charge transport.
H-bonds have been known to produce materials with the mechanical properties
desirable for the next generation of wearable devices, like the ability to stretch and selfheal.15,28,31,32 To determine the effect the H-bonding sidechains and the bonding motifs
have on the mechanical properties, we evaluated the materials’ thermomechanical
properties, including Young’s moduli and crack onset-strains, through film-on-water
pseudo free standing film testing. The details of the procedure are summarized in
Supporting Information, and the results are depicted on Figure 5.4f. Remarkably, despite
being more crystalline based on GIWAXS and more rigid based on SANS, P1 was found
to be a softer material than P2, exhibiting a tensile modulus of 361 MPa and 501 MPa, for
P1 and P2 respectively. This difference between Young’s moduli can be explained by the
presence of intermolecular hydrogen bonds in P2, which can act as crosslinks, thus making
the resulting materials more stiff. Nonetheless, both materials are shown to be relatively
soft, highlighting their potential as active materials for the fabrication of soft organic
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electronics. The glass transition temperature (Tg) was also evaluated by thin film
ellipsometry, and the results are shown in Figures S5.7 and S5.8. For P1, no glass transition
was observed, which is due to the conformation change at Tg which is too weak to
significantly alter the thermal expansion profile of P1. P1 also showed a redshifted
absorption profile and increased absorption at λmax compared to P2, which indicates an
increased conjugation length and increased chain rigidity.52 For P2, with intermolecular
hydrogen bonding enabled through the side chains, a Tg = 58°C was measured from thermal
expansion of the thin film. In comparison to other DPP-based polymers with aliphatic side
chains which typically fall in the range of 4 to 20°C, the presence of intermolecular
hydrogen bond increases the glass transition temperature, which also supports the
formation of the dynamic intermolecular bonds between the polymer chains.41 Overall, the
results from thin film ellipsometry analysis confirms the elevated Young’s modulus
observed for P2 relative to other DPP-based polymesr which typically yield Young’s
moduli of 200-350 MPa. This also suggests that P1 may have a similar Tg to these nonhydrogen bonding DPP polymers disregarding differences in crystallinity or molecular
weight.
Melting temperatures (Tm) were also evaluated through ellipsometry by taking the
derivative of the raw signal and determining the presence of a peak corresponding to Tm.
For both polymers, no Tm was observed below the decomposition temperatures (around
350°C as measured by thermogravimetric analysis). This result is not totally unexpected as
recent reports in the literature indicated that many high-performance donor–acceptor-based
semiconducting polymers (including DPP-based polymers) exhibit high melting
temperatures (>300 °C) or often decompose before they melt.53,54 The absence of an
observable Tm for P1 and P2 can be attributed to extended π–conjugation, and to the strong
intermolecular and intramolecular interactions between the polymer chains leading to a
more planar polymer backbone.
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Figure 5.5 Optical microscopy images of a) P1 and b) P2 at 0%, 20%, and 35% strain. Crack onset
strain shown with red dashed border. Scale bar is 25 μm.

To further investigate the effect the hydrogen-bonding conformational lock has on
mechanical deformation, the crack-onset strains of polymers P1 and P2 was measured and
determined through soft-contact lamination onto a PDMS stamp, applying tensile strains
ranging from 0-35%, subsequent transfer of the film to a silicon wafer receiving wafer, and
visualizing under an optical microscope.55 The crack onset strains for P1 and P2 are shown
in Figure 5.5. Both polymers show a pristine morphology when transferred without
applying strain, showing good preservation of film quality during the transfer process.
However, at just 10% strain, P1 shows large microscale cracks. This is a considerably low
crack-onset strain, as many other DPP systems show intrinsic stretchability up to
approximately 30% strain.56 As expected, crack density increases with increasing strain,
continuing to show large cracks at 20% and 35% strain, respectively. For P2, thin films
stretched and transferred continue to show smooth and crack-free morphology up to 35%
strain, where large and wide microcracks propagate throughout the film. The much-reduced
mechanical compliance of P1 can be attributed to its higher crystallinity and increased
chain rigidity induced by the molecular lock. In contrast to the entirely intermolecular
benzene reference polymer, as well as other systems that use amide hydrogen bonding
interactions,7,20,32 directing hydrogen-bonds along the backbone appears to prevent them
from acting as tensile dissipating moieties.
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Figure 5.6 Dichroic ratio as a function of applied strain determined by polarized UV-Vis
spectroscopy for P1 and P2.

Finally, to further elucidate the nature of this bonding motif, the degree of polymer
chain alignment under strain was measured through polarized UV-Vis spectroscopy
measurements both parallel and perpendicular to the direction of strain.57 As a polymer is
being strained anisotropically, its absorbance behaviour will be anisotropic as well, and its
dichroic ratio (R = α// / α⊥) will continue to increase approximately linearly. Once this
relationship begins to deviate, or even decrease as strain increases, the polymer chains are
no longer aligning with the applied strain and are approaching their mechanical limit. The
dichroic ratios for P1 and P2 are shown in Figure 5.6. For P1 we can see a sharp decrease
in the dichroic ratio upon straining beyond 10% which correlates directly with the crackonset strain in Figure 5.5 and is indicative of its brittle nature and low tolerance to strain.
By contrast, P2 continues to align even up to 35% strain, which is consistent with the crackonset strain measurements in Figure 5.5. UV-Vis spectra used for the dichroic ratio
measurements can be found in Figure S5.7. Therefore, the incorporation of this hydrogenbond intramolecular interaction, as opposed to an intermolecular hydrogen-bond, results in
materials with diminished molecular stretchability.
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5.3 Conclusion
In summary, new semiconducting polymers based on diketopyrrolopyrrole were
synthesized by incorporating either pyrazine or benzene moieties flanked by thiophenes
with pendant amide side chains in the π-conjugated backbone. By using either pyrazine
(P1) or benzene (P2) moieties in the polymer’s backbone, a careful control over the
orientation and type of H-bonds was achieved to compare and evaluate the impact of the
non-covalent interactions’ orientation (intramolecular and intermolecular H-bonding) on
the physical, optoelectronic, and solid-state properties of the new materials. The new
polymers were carefully characterized through various techniques. First, Fourier-transform
infrared spectroscopy and density functional theory (DFT) calculations confirmed that the
intramolecular H-bonding induces a strongly bound coplanar geometry whereas the
intermolecular H-bonding leads to lower coplanarity due to steric hindrance. Additionally,
the intramolecular hydrogen bonding was shown to significantly increases the effective
conjugation length in the solid state and to rigidify the polymer backbone, resulting in a
higher persistence length for P1 (13.5 nm) when compared to P2 (6.6 nm) as measured by
SANS. Moreover, compared to the intermolecular H-bonding polymer P2, the
intramolecular H-bonding polymer P1 showed an almost 4-time higher relative degree of
crystallinity by GIWAXS. More importantly, thin film transistor devices prepared from the
new semiconducting polymers with different orientations of hydrogen bonding showed a
mobility of 0.16 and 2.2 x 10-4 cm2/Vs for P1 and P2 respectively. These three orders of
magnitude difference in field-effect mobility between the intramolecular and
intermolecular hydrogen bonding designs demonstrates the importance of molecular
design when non-covalent interactions are incorporated to semiconducting and
semicrystalline polymers, and further confirm the efficiency of intramolecular hydrogen
bonds to promote charge transport in semiconducting polymers. Though softer, the
intramolecular lock was determined to be incredibly brittle compared to the intermolecular
reference, demonstrating a considerably lower crack onset strain and lower chain alignment
under strain.
Unlike other approaches using trial and error to control properties, the results
obtained in this work provide a fundamental understanding of the role of non-covalent
interactions in semicrystalline conjugated polymers and establish a fundamental
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knowledge towards a rational synthetic strategy to obtain electroactive materials with
improved thermomechanical, optoelectronic, and solid-state properties. Given its synthetic
tunability and impact on the solid-state morphology and electronic properties, the
incorporation of moieties capable of intramolecular H-bonds in π-conjugated polymers is
a promising strategy to fine-tune and optimize their performance in organic electronic
devices. Moreover, the structure/property relationship established in this work can
contribute to the development of new materials for technologies of great interest to the
scientific community and industries, including stretchable electronics, printed
technologies, and portable energy- production devices.

5.4 Supporting Information
5.4.1 General
Materials: Commercial reactants were used without further purification unless stated
otherwise. Thiophen-3-amine Hydrochloride was purchased from the Enaminestore, LLC.
2-bromo-3-octylthiophene was purchased from AK Scientific, Inc. Dibromobenzene and
Dibromopyrazine were purchased from Oakwood Chemicals and recrystallized from
Methanol

and

Methanol/Water

respectively

before

use.

Tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct (Pd2(dba)3•CHCl3) was
purchased from Oakwood Chemicals and recrystallized following a reported procedure.58
3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4c]pyrrole-1,4-dione was synthesized according to literature.59,60
Measurements and Characterization: Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker 300 MHz. The spectra for all polymers were obtained in deuterated
1,1,2,2-tetrachlotoethane (TCE-d2) at 120oC. Chemical shifts are given in parts per million
(ppm). Number average molecular weight (Mn), weight average molecular weight (Mw),
and polydispersity index (PDI) were evaluated by high-temperature size exclusion
chromatography (SEC) using 1,2,4-trichlorobenzene and performed on a EcoSEC HLC8321GPC/HT (Tosoh Bioscience) equipped with a single TSKgel GPC column (GMHHRH; 300 mm × 7.8 mm) calibrated with monodisperse polystyrene standards. The samples
were prepared using 1 mg/mL of sample in trichlorobenzene (TCB), which were allowed
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to stir at 80 °C for 12 h prior to injection. The analysis of the samples was performed at
180 °C with a flow rate of 1.0 mL/min with injection quantities of 300 µL. The data was
collected and integrated using EcoSEC 8321GPC HT software suite. Thermogravimetric
analysis (TGA) was performed on a Mettler Toledo AG-TGA/SDTA851e. FTIR
spectroscopy was performed on a Bruker ALPHA FTIR Spectrometer using a Platinum
ATR sampling module. UV-Visible spectroscopy was performed on a Varian UV/Visible
Cary 50 spectrophotometer. The surface structure of polymer films was obtained using a
multimode atomic force microscope (AFM, Digital Instruments) operated in tapping mode
at room temperature. Images were collected using Nanoscope 6 software and processed
using WSxM 5.0 Develop 8.0 software. Film thicknesses were confirmed with a KLA
Alpha-Step D-100 stylus profiler. All the measurements of the transistors were conducted
using a Keithley 4200 semiconductor parameter analyzer (Keithley Instruments Inc.) under
dry N2 (glovebox) and ambient atmosphere at room temperature. A BASi Epsilon
Potentiostat was used to obtain the cyclic voltammetry measurements. Cyclic
voltammograms were taken in a 0.1M solution of TBAPF6 in anhydrous acetonitrile at
room temperature. Platinum was used as working electrode and counter electrode. Ag|AgCl
was used as non-aqueous reference. The scan rate of measurements was 100 mV/s.
GIWAXS and crystallinity analysis were performed on beamline BL13A with a
wavelength of 1.02042Å (12.16 kev) at the Taiwan Light Source (TLS) of National
Synchrotron Radiation Research Center (NSRRC). All two-dimensional images of GIXRD
were collected in reflection mode by Charge coupled device (MAR165 CCD) X-ray
detector. Small angle neutron scattering (SANS) was performed at the extended Q-range
small-angle neutron source (SNS) located at Oak Ridge National Laboratory (ORNL).
Polymer solutions were prepared by dissolving the polymers in deuterated chlorobenzene
at a concentration of 5 mg mL-1 and measured at 75 oC. Two beamline configurations were
applied to obtain both of the low q and high q signal: 4 meter long sample-to-detector
distance (STD) with a wavelength of 12 Å, and 2.5 m STD with a wavelength of 2.5 Å. 1D
Data reduction was performed in MantidPlot to obtain the polymer scattering data followed
by data fitting using SasView with a flexible cylinder model.
Theoretical Methods: DFT was used to optimize molecular geometries, identify
vibrational modes and scan their conformational spaces, with B3LYP-D3 as the functional
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and 6-31G(d,p) as the basis set.61 Calculations were performed in the Gaussian 09
environment.62 Visualization of the frontier molecular orbitals was performed using the
cubegen utility. The energies of these orbitals were taken from the output file and converted
from Hatrees to eV.
FET Device Fabrication and Characterization: FET devices were fabricated on highly
doped n-type Si(100) wafer with a 300 nm thick SiO2 functionalized with an noctadecyltrimethoxysilane (OTS) self-assembled monolayer, based on previous reports.63
The OTMS-treated substrate was washed with toluene, acetone and isopropyl alcohol, and
then dried with nitrogen before use. The organic semiconductor thin films were spin-cast
at 1500 RPM on the OTMS-treated substrates to produce films with thicknesses of ~40 nm
from prepared polymer solutions in chlorobenzene (5 mg mL−1). The thermal annealing
process was carried out for an hour in a vacuum oven. A top-contact gold electrode (50
nm) was subsequently deposited by evaporation through a shadow mask with a channel
length (L) and width (W) defined as 50 and 1000 μm, respectively. All transistor
measurements were conducted using a Keithley 4200-SCS semiconductor parameter
analyzer (Keithley Instruments Inc., Cleveland, OH, USA) in an N2-filled glove box at
room temperature. Mobility values were calculated through linear fitting of the transfer
curve in the saturation regime and using the equation μsat = 2L/CW (δ(ID)1/2/δVG)2.
Grazing Incident X-Ray Diffraction (GIXRD). To get accurate comparison on
crystallinity, the relative degree of crystallinity (rdoc) was calculated for P1 and P2 after
thermal annealing at 170°C. Defined by the ratio of intensity of two diffraction peaks in
thin films, the rdoc was calculated from the pole figures for the (200) diffraction peak
determined from the GIXRD patterns by integrating the area under each curve separately
to get an integrated intensity. To get an accurate comparison, the rdoc of P2 has been fixed
to 1.
Pseudo-free-standing tensile test. Thin film tensile test was performed by a home-made
pseudo-free-standing tensile tester. Details about the tensile stage setup can be referred to
our previous publication.59 The thin film was first floated on the water surface by dipping
into water to release the PSS layer, then mounted to the aluminum grip of the tensile tester
and pulled unidirectionally at a strain rate of 5 x10-4 s-1 until the film fractures. The elastic
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modulus was obtained from the non-notched sample, which is the slope of the linear fit of
the stress-strain curve using the first 0.5% strain.
Crack Onset Strain Measurement: Crack onset strain measurements were conducted by
tensile pull testing of thin films supported on elastomer.64 Conjugated polymers P1 and P2
were dissolved in anhydrous chlorobenzene at a concentration of 5 mg/mL and then
spincoated onto OTS-modified wafers. As cast wafers were then brought into a N2-filled
glovebox and annealed on a hot plate at 150 °C for 10 minutes. Following thermal
annealing, thin films were transferred onto rectangular PDMS slabs (base: crosslinker,
20:1, crosslinked at 70 °C overnight) and stretched to strains ranging from 0-50%
elongation. Following the application of strain, the stretched films were transfer-printed
onto a receiving wafer and then visualized under an optical microscope.
Dichroic ratio measurements: After transfer of the conjugated polymer film on PDMS,
the sample was directly stretched at different strain ratios.65 The sample was then
transferred to a glass substrate and directly used for polarized UV vis measurements. The
dichroic ratio was calculated by dividing the absorbance maximum at 0° (parallel to the
strain direction) with the absorbance at 90° (perpendicular to the strain direction). A clean
glass slide was used as sample blank.
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5.4.2 Synthetic Procedure

Scheme S5.1 Synthetic pathway to monomer 5

Compound 1. A purged and flame-dried round-bottom flask equipped with a magnetic stir
bar was charged with thiophene-3-amine hydrochloride (7.50 g, 55.3 mmol), triethylamine
(30.86 mL, 221.2 mmol) and anhydrous CH2Cl2 (221.2 mL). The solution was cooled to
0oC in an ice bath and hexanoyl chloride (9.28 mL, 66.4 mmol) was added dropwise. The
solution was then stirred overnight at room temperature. Upon completion, the reaction
was diluted in CH2Cl2, washed with H2O twice and washed once with brine. The organic
layer was subsequently dried with Na2SO4 and the solvent was removed under reduced
pressure. The crude compound was then recrystallized from 10% Toluene in Hexanes to
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afford compound 1 as a fluffy, beige solid (9.21 g, 85%). 1H NMR (300 MHz, CDCl3, 298
K): 7.59 (d, J = 4.7 Hz, 2H), 7.43 (s, 2H), 7.23 (d, J = 8.4 Hz, 2H), 6.99 (d, J = 6.6 Hz,
2H), 2.35 (t, J = 7.6 Hz, 4H), 1.79-1.69 (m, 6H), 1.39-1.33 (m, 10H), 0.92 (t, J = 7.1 Hz,
6H); 13C NMR (300 MHz, CDCl3, 298 K): Elemental Analysis Calcd for C10H15NOS: C,
60.88; H, 7.66; N, 7.10. Found: C, 60.92; H, 7.44; N, 7.06.

1

H NMR spectra of compound 1 in CDCl3
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13

C NMR spectra of compound 1 in CDCl3

Compound 2. A purged and flame-dried round-bottom flask equipped with a magnetic stir
bar was charged with compound 1 (5.00 g, 25.3 mmol), and anhydrous CH2Cl2 (168.9 mL).
The solution was protected from light and N-bromosuccinimide (4.74 g, 26.6 mmol) was
added in one portion at room temperature. The solution was then stirred for 1 h at room
temperature. Upon disappearance of the starting material by TLC, the reaction was diluted
in CH2Cl2, washed with H2O twice and washed once with brine. The organic layer was
subsequently dried with Na2SO4 and the solvent was removed under reduced pressure. The
crude compound was then purified by silica-gel column chromatography using an eluent
gradient of up to 10% Acetone in Hexanes to afford compound 2 as a yellow oil that
solidifies in the freezer as a waxy, yellow solid (6.20 g, 89%). 1H NMR (300 MHz, CDCl3,
298 K): 7.78 (d, J = 5.9 Hz, 1H), 7.28 (d, J = 5.9 Hz, 1H), 7.22 (s, 1H), 2.41 (t, J = 7.5 Hz,
2H), 1.79-1.69 (m, 2H), 1.38-1.30 (m, 9H), 0.89 (t, J = 6.8 Hz, 3H); 13C NMR (300 MHz,
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CDCl3, 298 K): 170.4, 135.5, 125.1, 122.7, 96.36, 37.3, 31.5, 25.3, 22.5, 14.0. Anal. Calcd
for C10H14BrNOS: C, 43.49; H, 5.11; N, 5.07. Found: C, 43.01; H, 4.74; N, 4.97.

1

H NMR spectra of compound 2 in CDCl3
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13

C NMR spectra of compound 2 in CDCl3

Compound 3. A purged and flame-dried round-bottom flask, equipped with a magnetic
stir bar, was charged with 1.9M n-BuLi (8.38 mL, 15.93 mmol) and cooled to -78 oC. To
another purged and flame-dried flask was added compound 2 (2.00 g, 7.24 mmol) and THF
(48.3 mL). The solution of compound 2 was then added dropwise to the solution of n-BuLi
over 5 minutes and stirred for 15 minutes at -78 oC before dropwise addition of 1.0 M
SnMe3Cl (8.69 mL, 8.69 mmol). The solution was then allowed to warm up to room
temperature and stirred overnight. The reaction was quenched with H2O, extracted with
Et2O, washed with H2O twice, then washed once with brine. The organic layer was
subsequently dried with Na2SO4 and the solvent was removed under reduced pressure. The
crude solid was then purified by recrystallization from hexanes to afford compound 3 as
beige, crystalline needles (2.21 g, 85%). 1H NMR (300 MHz, CDCl3, 298 K): 7.53 (d, J =
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4.9 Hz, 1H), 7.25 (d, J = 4.9 Hz, 1H), 7.18 (s, 1H), 2.32 (t, J = 7.6 Hz, 2H), 1.79 - 1.65 (m,
2H), 1.43-1.33 (m, 5H), 0.93 (t, J = 6.4 Hz, 4H), 0.38 (s, 9H); 13C NMR (75 MHz, CDCl3,
298 K): 171.25, 142.25, 130.53, 124.52, 37.51, 31.78, 25.78, 22.68, 14.20, -6.59. Anal.
Calcd for C13H23NOSSn: C, 43.36; H, 6.44; N, 3.89. Found: C, 43.68; H, 6.17; N, 3.91.

1

H NMR spectra of compound 3 in CDCl3
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C NMR spectra of compound 3 in CDCl3

Compound 4. A purged round-bottom flask equipped with a magnetic stir bar was charged
with compound 3 (1.67 g, 5.96 mmol), 2,5-Dibromopyrazine (500.0 mg, 2.94 mmol) and
anhydrous Toluene (21.1 mL). The solution was degassed for 20 minutes before addition
of 10 mol% PdCl2(dppf) (153.80 mg, 0.21 mmol), followed by continued degassing for an
additional 20 minutes. The reaction was then refluxed and stirred overnight. The reaction
was then cooled to room temperature and filtered over a pad of silica and washed with
CH2Cl2 to remove the oxidized palladium. The crude compound was then purified by
recrystallization from Ethanol to afford compound 4 as a light, process yellow solid (819.30
mg, 83%). 1H NMR (300 MHz, CDCl3, 298 K): 11.37 (s, 2H), 8.70 (s, 2H), 8.26 (d, J =
5.5 Hz, 2H), 7.37 (d, J = 5.5 Hz, 2H), 2.48 (t, J = 7.5 Hz, 4H), 1.83-1.75 (m, 4H), 1.44199

1.39 (m, 8H), 0.94 (t, J = 6.9 Hz, 6H); 13C NMR (75 MHz, CDCl3, 298 K): 170.9, 146.03,
140.1, 139.1, 126.3, 124.2, 116.1, 38.1, 31.5, 25.4, 22.6, 14.1. Anal. Calcd for
C24H30N4O2S2: C, 61.25; H, 6.43; N, 11.90. Found: C, 60.79; H, 6.10; N, 12.11.

1

H NMR spectra of compound 4 in CDCl3
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C NMR spectra of compound 4 in CDCl3

Compound 5. A purged and flame-dried round-bottom flask equipped with a magnetic stir
bar was charged with compound 4 (350 mg, 0.74 mmol), and anhydrous THF (29.7 mL).
The solution was cooled to -78oC, followed by dropwise addition of 1.6 M LDA (2.1 ml,
3.34 mmol). The solution was then stirred for 10 minutes at -78 oC before quenching with
1.0 M SnMe3Cl (1.86 ml, 1.86 mmol). The reaction was then allowed to warm to room
temperature and stirred overnight. The reaction was diluted in Et2O, washed with H2O
twice and washed once with brine. The organic layer was subsequently dried with Na2SO4
and the solvent was removed under reduced pressure. The crude compound was then
purified by recrystallization from EtOH to afford compound 5 as a yellow solid (370.3 mg,
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63%). 1H NMR (300 MHz, CDCl3, 298 K): 11.39 (s, 2H), 8.71 (s, 2H), 8.33 (s, 2H), 2.48
(t, J = 7.5 Hz, 4H), 1.83-1.76 (m, 4H), 1.45-1.38 (m, 8H) 0.94 (t, J = 6.7 Hz, 6H), 0.45 (s,
18H); 13C NMR (75 MHz, CDCl3, 298 K): 170.8, 145.5, 140.9, 139.4, 131.1, 121.6, 37.9,
31.4, 25.3, 22.5, 14.0, -8.2. Anal. Calcd for C30H46N4O2S2Sn2: C, 45.25; H, 5.82; N, 7.04.
Found: C, 56.77; H, 6.06; N, 10.60.

1

H NMR spectra of compound 5 in CDCl3
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C NMR spectra of compound 5 in CDCl3

Scheme S5.2 Synthetic pathway to monomer 7
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Compound 6. A purged round-bottom flask equipped with a magnetic stir bar was charged
with compound 3 (1.68 g, 4.66 mmol), 2,5-Dibromobenzene (500 mg, 2.12 mmol) and
anhydrous PhMe (21 mL). The solution was degassed for 15 minutes before addition of 5
mol% PdCl2(dppf) (86.5 mg, 0.11 mmol), followed by continued degassing for an
additional 15 minutes. The reaction was then heated to 110 oC and stirred overnight. The
reaction was diluted in CH2Cl2, washed twice with H2O, and washed once with brine. The
organic layer was subsequently dried with Na2SO4 and the solvent was removed under
reduced pressure. The crude solid was the resuspended in CH2Cl2 and filtered over a pad
of alumina to remove the oxidized palladium. The crude compound was then purified by
recrystallization from EtOH to afford compound 6 as a light, white solid (573 mg, 58%).
1

H NMR (300 MHz, CDCl3, 298 K): 7.80 (d, J = 5.4 Hz, 2H), 7.56 (s, 4H), 7.32 (d, J = 5.4

Hz, 2H), 2.34 (t, J = 7.5 Hz, 4H), 1.73 (m, 4H), 1.37 (m, 8H), 0.92 (t, J = 7.0 Hz, 8H); 13C
NMR (75 MHz, CDCl3, 298 K): 170.80, 132.48, 131.96, 129.46, 126.39, 124.56, 124.13,
37.26, 31.42, 29.72, 25.31. Anal. Calcd for C26H32N2O2S2: C, 66.36; H, 6.88; N, 5.98.
Found: C, 66.55; H, 6.81; N, 6.34.
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1

H NMR spectra of compound 6 in CDCl3

13

C NMR spectra of compound 6 in CDCl3

Compound 7. A purged and flame-dried round-bottom flask equipped with a magnetic stir
bar was charged with compound 6 (250 mg, 0.53 mmol), and anhydrous THF (21.3 mL).
To encourage dissolution, the flask was placed for 5 minutes in an ultrasonic bath. In
another purged and flame-dried flask. The solution was cooled to -78oC, followed by
dropwise addition of 0.9 M LDA (3.65 ml, 3.29 mmol). The flask containing LDA was
cooled to -78 oC. The solution of compound 6 was then added dropwise to the solution of
LDA and stirred for 60 minutes at -78 oC before dropwise addition of 1.0 M SnMe3Cl (1.33
mL, 1.33 mmol). The solution was then allowed to warm up to room temperature and
stirred overnight. The reaction was quenched with H2O, extracted with DCM, and washed
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once with brine. The organic layer was subsequently dried with Na2SO4 and the solvent
was removed under reduced pressure. The crude compound was then purified by
recrystallization from Ethanol/Water to afford compound 7 as a light-brown crystalline
solid (222 mg, 52%). 1H NMR (300 MHz, CDCl3, 298 K): 7.87 (s, 2H), 7.53 (s, 4H), 2.34
(t, J = 7.5 Hz, 6H), 1.73-1.71 (m, 6H), 1.37-1.35 (m, 10H), 0.92 (t, J = 7.0 Hz, 8H), 0.41
(s, 16H); 13C NMR (75 MHz, CDCl3, 298 K): 146.24, 143.11, 141.22, 139.27, 31.89, 30.80,
29.77, 29.45, 29.28, 22.69, 14.12, -8.25. Anal. Calcd for C26H48N2O2S2Sn2: C, 48.39; H,
6.09; N, 3.53. Found: C, 49.63; H, 5.97; N, 3.50.

1

H NMR spectra of compound 7 in CDCl3
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13

C NMR spectra of compound 7 in CDCl3

P1. A microwave vessel equipped with a stir bar was charged with of, 3,6-bis(5bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4dione (78.15 mg, 0.069 mmol) and compound 5 (55 mg, 0.069 mmol), followed by the
addition of anhydrous Toluene/Dimethylformamide (5:1) solvent (2.76 mL). The solution
was then bubbled with N2 gas for 30 minutes, followed by addition of Pd2dba3 (2.86 mg,
0.0028 mmol) and P(o-tolyl)3 (3.36 mg, 0.011 mmol) and CuI (2.63 mg, 0.014 mmol). The
vessel was then immediately sealed with a snap cap and microwave irradiated under the
following conditions with ramping temperature (Microwave Setup: Biotage Microwave
Reactor; Power, 300 W; Temperature and Time, 2 minutes at 100oC, 2 minutes at 120oC,
5 minutes at 140oC, 5 minutes at 160oC, and 120 minutes at 180oC; Pressure, 17 bar;
Stirring, 720). After completion, the polymer was end-capped with trimethylphenyl tin
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(16.64 mg, 0.069 mmol) and bromobenzene (10.85 mg, 0.069 mmol), successively
(Microwave Setup: Biotage Microwave Reactor; Power, 300 W; Temperature and Time, 1
minute at 100oC, 1 minute at 120oC, 2 minutes at 140oC, 3 minutes at 160oC; Pressure, 17
bar; Stirring, 720). The reaction was then cooled to room temperature, precipitated in
methanol and the solid was collected by filtration into a glass thimble. The contents of the
thimble were then extracted successively in a Soxhlet extractor with methanol, acetone,
hexane and finally chloroform. The chloroform fraction was then concentrated under
reduced pressure and re-precipitated in methanol, followed by filtration, and drying under
vacuum. Molecular weight estimated from high temperature GPC: Mn = 13,875 Da, Mw =
17,645 Da, PDI = 1.3. 1H NMR (300 MHz, 1,1,2,2-TCE-d2, 373 K): 11.17 (broad s, 1H),
9.02 (m, 1H), 8.49 (m, 2H), 8.10 (m, 1H), 7.50 (m, 1H) 7.19 (m, 1H), 4.10 (broad s, 1H),
2.67 (m, 2H), 2.04 (broad s, 2H), 1.47-1.30 (m, 50H), 0.92 (s, 9H). 13C NMR could not be
attained due to low solubility of the polymer.

1

H NMR spectrum of P1 in 1,1,2,2-tetrachloroethane-d2 at 100 °C
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P2. A microwave vessel equipped with a stir bar was charged with the appropriate amount
of,

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (98.54 mg, 0.087 mmol), and compound 7 (69.18 mg, 0.087 mmol),
followed by the addition of anhydrous chlorobenzene (3.48 mL). The solution was then
bubbled with N2 gas for 30 minutes, followed by addition of Pd2dba3 (1.60 mg, 0.0017
mmol) and P(o-tolyl)3 (2.39 mg, 0.0078 mmol). The vessel was then immediately sealed
with a snap cap and microwave irradiated under the following conditions with ramping
temperature (Microwave Setup: Biotage Microwave Reactor; Power, 300 W; Temperature
and Time, 2 minutes at 100oC, 2 minutes at 120oC, 5 minutes at 140oC, 5 minutes at 160oC,
and 40 minutes at 180oC; Pressure, 17 bar; Stirring, 720). After completion, the polymer
was end-capped with trimethylphenyl tin (20.98 mg, 0.087 mmol) and bromobenzene (13.7
mg, 0.087 mmol), successively (Microwave Setup: Biotage Microwave Reactor; Power,
300 W; Temperature and Time, 1 minute at 100oC, 1 minute at 120oC, 2 minutes at 140oC,
3 minutes at 160oC; Pressure, 17 bar; Stirring, 720). The reaction was then cooled to room
temperature and dissolved in 1,1,2,2-tetrachloroethane (TCE). This solution was then
precipitated in methanol and the solid was collected by filtration into a glass thimble. The
contents of the thimble were then extracted successively in a Soxhlet extractor with
methanol, acetone, hexane and finally chlorobenzene. The chlorobenzene fraction was then
concentrated under reduced pressure and re-precipitated in methanol, followed by
filtration, and drying under vacuum. Molecular weight estimated from high temperature
GPC: Mn = 12,821 Da, Mw = 12,945 Da, PDI = 1.1. 1H NMR (300 MHz, 1,1,2,2-TCE-d2,
373 K): 8.59 (broad s, 2H), 7.67 (broad s, 1 H), 7.42 (broad s, 3H), 7.03 (broad s, 1H), 4.02
(broad s, 2H), 2.83 (broad s, 2H), 2.01 (broad s, 3H), 1.65-1.15 (m, 60 H), 0.93 (s, 9H). 13C
NMR could not be attained due to low solubility of the polymer.
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1

H NMR spectrum of P2 in 1,1,2,2-tetrachloroethane-d2 at 100 °C
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5.4.3 Materials Characterization

Figure S5.1 Thermogravimetric analysis of a) P1, and b) P2 with the onset at 5% mass loss.

Figure S5.2 Theoretical frontier molecular orbitals showing HOMO and LUMO of P1 (top) and
HOMO and LUMO of P2 (bottom), respectively, calculated at the B3LYP-D3/6-31G(d,p) level of
theory.
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Figure S5.3 Small-angle neutron scattering (SANS) results for P1 and P2 using the flexible cylinder
model.

Figure S5.4 Atomic force microscopy phase images of a) P1 and b) P2 in thin film spin-coated and
annealed on OTS-modified SiO2/Si substrate. Scan size = 5.0 µm, scale bar = 1 µm.
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Figure S5.5 1D sector-averaged profiles of a) P1 in the out-of-plane (left) and in-plane (right)
directions, and b) P2 in the out-of-plane (left) and in-plane (right) directions.

Figure S5.6 1D X-ray spectrum of the (200) reflection peak for P1 (red) and P2 (black)
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Figure S5.7 Polarized UV-Vis spectra of a) P1 and b) P2 under various strains ranging from 0% to
35%. Results taken from films transferred to glass slides through soft-contact lamination and
measured parallel and perpendicular to the direction of strain.

Table S5.1 Solubility of semiconducting polymers P1, P2 and reference pyrazinecontaining P(DPP-TPyT)7 in various organic solvents.
Solvent

P1

P2

P(DPP-TPyT)

Tetrahydrofuran

I

I

I

Chloroform

S

PS

PS

Chlorobenzene

S

S

S

Toluene

S

I

PS

Xylene

PS

I

I

o-Anisole

PS

PS

I

Ethyl Acetate

I

I

I

n-Butanol

I

I

I

Acetone

I

I

I

Observations for solution at 5 mg/mL: I = insoluble upon heating, S = soluble, PS = partially soluble upon
heating
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CHAPTER 6

6.1 Conclusions
The next generation of electronic devices demands materials that can withstand
incorporation both onto and into the human body. However, the fundamental building
block of electronic circuits, the transistor, is made up entirely of brittle, inorganic materials
that are generally incapable of accommodating the movement of the human epidermis. The
pursuit of materials that can replace silicon and that also possess novel properties such as
healing and high stretchability has generated numerous strategies in the literature.
Numerous methods for replacing the various components of the transistor, such as the
electrodes, the dielectric, and the substrate, saturate the literature. Although, for the
semiconductor, the most integral component, the process has been difficult due to the
intrinsic competition between mechanical and electronic properties. For this reason, many
research groups have developed stretchable conjugated polymers through heuristic
methods and lack a fundamental rationale for developing stretchable semiconductors.
Methods such as blending with stretchable elastomers includes difficult to reproduce selfassembly and high amounts of disruptive insulating material. However, intrinsically
stretchable conjugated polymers avoid this through modification of chemical structure to
produce single component materials, rather than relying on multi-component systems. This
dissertation takes advantage of this approach through incorporation of dynamic hydrogenbonding interactions into the conjugated polymer backbone and solubilizing sidechains.
Many examples of intrinsically stretchable conjugated polymers make use of
conjugation-break spacers to impart flexibility in the backbone at the cost of electronic
performance. In chapter 2, we demonstrated that we could maintain, and even slightly
enhance the electronic properties through hydrogen-bond enabled sidechains that direct the
self-assembly of the conjugated polymers. Following this, in chapter 3, we showed that
these hydrogen bonds act as tensile strain dissipating moieties and impart intrinsic
stretchability through reducing crystallinity when cast into thin films. Moreover, inclusion
of the sidechains was shown to facilitate some degree of healability. In chapter 4, we
investigated the effect of intramolecular interactions directed along the backbone on the
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self-assembly. We found that inclusion of a nitrogen-sulfur conformational lock improves
crystallinity when processed into thin films when compared to a reference analogue, and
this more ordered self-assembly produced enhanced electronic properties when used in
OFETs. This interaction was also found to have important consequences on the intrinsic
stretchability, as the polymer synthesized that contains this interaction showed enhanced
crack-onset strain and better molecular chain alignment. Moreover, OFETs fabricated with
strained films of this pyrazine-containing polymer showed good mobility retention
compared to a benzene analogue. Finally, in chapter 5, we transformed the nitrogen-sulfur
conformational lock into a hydrogen-bonding lock with amide sidechains. We then
compared this intramolecular interaction with an intermolecular reference polymer and
demonstrated that the intramolecular polymer produces OFETs with higher field effect
mobility than the intermolecular reference polymer due to an increase in chain rigidity and
backbone planarity. However, the intramolecular lock was determined to be incredibly
brittle compared to the intermolecular reference, demonstrating a considerably lower crack
onset strain and lower chain alignment under strain. Nevertheless, the intramolecular lock
showed promise with its lower elastic modulus, demonstrating its potential in soft
electronics.

6.2 Future Work
The work presented in this dissertation demonstrates the power of noncovalent
interactions to produce important emergent properties in organic semiconductors. We
showed that by incorporating intermolecular hydrogen bonding interactions through
sidechain engineering, we could improve the mechanical properties of DPP-based
conjugated polymers without compromising the electronic performance. Furthermore, we
showed that directing these interactions along the backbone produced materials with
significantly enhanced electronic performance in OFETs, as well as a softer thin-film
morphology. To fully realize the potential of the materials synthesized in this dissertation,
the next steps are to demonstrate their use in entirely stretchable organic field-effect
transistors and in fully stretchable devices, such as in strain sensors and wearable RFID
tags. Moreover, a deeper understanding of the exact role of the hydrogen-bonds in the
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enhanced mechanical performance of these materials is still lacking. To address this,
characterizations of the thin-film properties through investigations of the swelling,
crystalline packing, thermal behaviour, and strain dependent charge transport are currently
underway. Unfortunately, the reliance on combined thermal and solvent vapour treatment
makes the healability of these materials intractable. To meet this challenge, other modes of
dynamic interactions should be explored to unveil novel emergent properties that are
inaccessible through hydrogen-bonding alone, such as disulfide, and metal coordination
among others. These interactions have the potential to induce truly autonomous selfhealing at ambient temperatures, as well as promote new forms of self-assembly in the
solid-state. Moving forward, electronic materials that make use of these interactions will
also need to have their electronic and mechanical properties fully elucidated to determine
their strengths and weaknesses when compared to the work presented here.
The work presented in this dissertation represents important steps forward in the
development of novel stretchable and healable conjugated polymers for use in the next
generation of electronic devices. Using rational chemical design, we developed important
structure-property relationships to aid researchers in the pursuit of materials with emergent
properties. Importantly, the use of dynamic interactions in conjugated polymers is a
versatile strategy to produce materials for technologies in the immediate future and beyond.
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